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ABSTRACT
A laboratory study was undertaken-H:o determine the 
distribution of inorganic forms of native phosphates and 
their transformation as a result of waterlogging in twenty 
selected Louisiana soils. The various inorganic P fractions 
were correlated with extractable phosphorus under flooded 
and air-dry conditions.
Total, inorganic and organic P in the soils investi­
gated ranged between 281 and 1,295 ppm, between 60 and 649 
ppm, and between 96 and 932 ppm, respectively. Soil organic 
matter and organic P appeared to br, closely related.
The soil inorganic P was fractionated into seven dis- 
crete chemical forms: water-soluble and loosely bound P,
Al-P, Fe-P, Ca-P, reductant soluble Fe-P, occluded Al-P and 
occluded Fe-P. The iron bound P (0.1 N NaOH soluble Fe-P 
plus reductant soluble Fe-P plus occluded Fe-P) was the most 
dominant fraction followed by Ca-P and Al-P. Total Fe-P 
ranged from 41.8 ppm in the Midland #1 to 327.7 ppm in the 
Sharkey soil.
The soil series belonging to the Coastal Prairies and 
Mississippi Terrace: Crowley, Midland, Olivier and Calhoun,
were low in total inorganic P and consequently low in Al-P, 
Fe-P and Ca-P fractions. These acid, moderately weathered
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soils contained relatively high amounts of reductant soluble 
Fe-P ranging from 25.1% to 51.4% of the total inorganic P.
Waterlogging resulted generally in an increase in Fe-P 
and Al-P but a decrease in reductant soluble Fe-P, while the 
Ca-P and occluded P forms did not undergo much change. How­
ever, individual soils varied with regard to the transforma­
tion of native inorganic P fractions due to submergence. 
Liming reduced all fractions of native and added inorganic P 
except the Ca-P fraction.
Profile distribution of inorganic P fractions in a 
Crowley silt loam showed that all the fractions decreased 
with increasing depth with reductant soluble Fe-P as the 
dominant fraction in each layer of the A and B horizons. 
Phosphate compounds added to the soil were transformed to 
Al-P and Fe-P forms.
The experiment designed to study the effect of soil pH 
on the transformation of the added P in waterlogged soil 
showed that the water-soluble and loosely bound P increased 
outside the pH range of 4.9 to 9.0. Samples to which AlPO^ 
had been added showed a decrease in Al-P and an increase in 
Fe-P and Ca-P fractions with an increase in pH while the 
samples receiving FePO^ showed an increase in Al-P and Ca-P 
fractions up to pH 8 and Fe-P fraction up to pH 6.9.
Waterlogging increased the Bray extractable P by 52.6% 
on an average. Addition of NO^-N at 1,000 ppm to the 
flooded soils decreased the extractable P up to 52.4%.
Added phosphate compounds increased the extractable P both
xiv
in flooded and nonflooded conditions and ranked as
Ca(H2 P0 4 ) 2 > AlPO^ > FePO^ in this effect. An increase in
+2 +2 +3 +3water-soluble P, Ca , Fe , Fe and A1 ions was noted
due to waterlogging.
The following multiple regression equations described
best the relationships between the X and Y variables (where
A
Y = Bray extractable P and X^, X 2 , X^ and X^ are water- 
soluble and loosely bound P f Al-P, Fe-P and Ca-P, respec­
tively) .
Air-dry soil Y = 6.495 + 0.664X1 + 1.789X2 + 0.606X4
Waterlogged soil Y = 10.598 + 0.508X2 + 0.694X2 + 0.730X4 
The results of this study demonstrate the importance of 
the release of phosphate from the reductant soluble Fe-P 
fraction of soils under waterlogged conditions.
xv
INTRODUCTION
Phosphorus has been the subject of more soil fertility 
investigations than any other essential element. In spite 
of these interests, the behavior of P in soils is still a 
baffling problem. Phosphorus is unique in the multitude of 
different forms, reactions, compounds and complexes that it 
enters into with the soils. Several factors determine the 
chain and sequence of events that take place between the 
time a phosphate fertilizer or compound is added to the soil 
and the ultimate product of reaction is formed. In fact, 
the equilibrium is never reached in a dynamic soil system.
Flooded soils are radically different from arable well- 
drained soils physically, chemically, biologically and 
pedologically. Therefore many of the concepts of well- 
drained soils can not be translated literally and applied 
directly to a soil subjected to seasonal or intermittent
J
flooding.
Erratic results and inconsistent response of lowland 
rice to phosphate fertilization, even on soils showing posi­
tive response to phosphate application by upland crops, have 
been reported from all over the world. This inconsistency 
in response to phosphate fertilization has generally been 
attributed to varying degree of solubility and availability
of the reaction products of the added and native phosphate 
compounds under waterlogged conditions. However/ reasons 
for the wide differences in response to phosphate applica­
tion between well-drained and flooded soils have not been 
categorically stated and elaborately defined.
One approach to evaluate the difference in solubility 
and availability of phosphorus under various soil water con 
ditions is the elucidation of the nature of phosphate from 
the standpoint of its transformation in the soil. The pres 
ent study on soil .phosphate transformations under various 
soil water conditions was, therefore, undertaken to deter­
mine:
1. The forms of native soil phosphates and 
their distribution in selected Louisiana 
soils.
2. The effects of flooding on the transfor­
mation and fixation of native and added 
phosphates with and without other soil 
amendments and plant nutrients.
3. The effect of waterlogging on solubility 
and availability of native and added 
phosphates as related to their various 
inorganic phosphate fractions.
REVIEW OF LITERATURE
A. Characteristics of Flooded Soil
Flooding, irrespective of duration, differentiates rice 
soils physically, chemically, biologically and pedologically 
from all other arable soils. Pearsall ert al. (1939) out­
lined the concept of oxidation reduction zones in the water­
logged soils and reported that during the period when the 
field is submerged, a flooded soil develops reducing condi­
tions even though the surface layer remains oxidizing as 
long as it is in contact with air or oxygen-containing water. 
Flooding a soil (1) drastically curtails gaseous exchange 
between the soil and the air, (2 ) decreases the redox poten­
tial, (3) brings about reduced conditions by accumulation“of -
+2 +2 + =I^S, Fe , Mn , NH^, S and at times phosphine, (4j in­
creases pH and specific conductance and (5) brings about 
several chemical and biological changes (Pearsall and 
Mortimer, 1939; Pearsall, 1938, 1950; Sturgis, 1936; Mitsui, 
1954; Ponnamperuma, 1965).
(i) Curtailment of Gaseous Exchange
When a soil having enough easily decomposable organic 
matter is waterlogged, injurious concentration of CC>2  
develops and C>2 concentration drops to practically zero 
within a day or two of flooding. Gas exchange between the
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atmosphere and soil is essentially confined to the surface 
layer of the soil, below which oxygen is nonexistent 
(Patrick and Sturgis, 1955; Patrick, 1960; Ponnamperuma,
1965) . They further reported that a reduced soil consumed 
oxygen more rapidly than an aerobic soil when submerged in 
oxygenated water. According to them 0 2 does not penetrate 
into more than one cm of a flooded soil.
Harrison and Aiyer (1913, 1914) observed that decompo­
sition of green manure or easily decomposable organic matter 
in flooded soils gave rise to relatively large amounts of 
CH^, CC>2  and H 2  and perhaps some N while gases in the super- 
natent water were mostly 0 2 and N, Harrison (1920) has 
further explained the 0 2 regime in the wet soil on the basis 
that there were bacteria present in the soil that could 
reduce C0 2 by the utilization of H 2 and thus the 0 2  needs,of 
roots of rice plants were very much reduced by the removal 
of hydrogen and the lowering of the C0 2 concentration around 
the roots of the crop.
(ii) Changes in Redox Potential
The term "Redox" potential is synonymous to oxidationr- 
reduction potential. Basically, the potential of the system 
(E^) is proportional to the logarithm of the ratio of 
oxidant to reductant as well as the temperature of the par­
ticular system under consideration. Oxidation-reduction 
reactions in flooded soils are complicated by the production 
of organic substances which themselves may bring about re­
duction. The redox potentials of waterlogged soils have
been used to characterize the intensity of reduction.
Redox potential falls sharply upon flooding, reaching a 
minimum within a few days. Redman and Patrick (1965) ob­
served that redox potentials are closely related to soil pH 
and iron compounds in the soil are active in retarding the 
decline of redox potential after submergence. Soils rich-in 
NO^, MnC>2 , and low in organic matter maintain positive 
potentials for several weeks after flooding (Ponnamperuma, 
1965). These observations suggest that iron and manganese 
are two of the principal constituents in the soil redox 
system.
Working with controlled soil redox potentials Patrick 
(1960) found a very close relationship between pH and E^.
The pH increased from 4.6 to 7.0 while the E^ decreased from 
+500 millivolts to -100 millivolts. The E^/pH slope obtain­
ed was -0.23 volts per pH unit.
Aomine (1962) reviewing the literature on redox poten;- 
tial of paddy soils noted that the E^ of the plowed layer 
(A horizon) of paddy soils rapidly drops to below +300
ir
millivolts at pH 6 after waterlogging. Upon drainage, the 
reduced surface soils are reoxidized and attain a potential 
greater than +300 millivolts.
(iii) Reduction of Soil
The reduced layer underlying the oxidized zone, whose 
thickness in many rice soils varies from 15 to 20 cm (Mitsui, 
1954) is characterized by bluish-gray color, no oxygen, a 
low oxidation-reduction potential and the presence of
reduced products such as ammonia, nitrous oxide, ferrous, 
manganous and sulfide ions and the products of anaerobic 
decomposition of organic matter such as aldehydes, alcohols, 
organic acids, mercaptans, amines, diamines, etc. The 
amounts of various reduction products depend upon the quan1- 
tities originally present in the soil and the extent to 
which the reduction process proceeds. According to Tsubota 
(1959) phosphate may be reduced to hypophosphite and phos- 
phine.
Ponnamperuma (1965) reported that reduction of flooded 
soil occurs in the following thermodynamic sequence: N 0 3 ^
MnC^, Fe(OH)2 , and intermediate dissimilation products of 
organic matter, SO” , C02 , and perhaps phosphate.
Vertical heterogeneity of the soil profile resulting 
from the alternate flooding and drying or continuous submer­
gence presents many problems to the soil scientists from the 
point of view of soil fertility evaluation particularly with 
respect to time and depth of sampling the waterlogged soils,
(iv) Changes in Soil pH and Specific Conductance
A characteristic feature of the waterlogged soils is 
that they are never very acid even though they may be defi­
cient in bases. A distinct rise in pH values as a result, of 
waterlogging during early stages was observed by 
Subrahmanyan (1927). The decrease in H+ ion concentration 
was partly attributed to ammonia and partly to reduction 
compounds resulting from anaerobic conditions in submerged 
soil (Metzger and Janssen, 192 8 ). In addition to the above
explanations, Ponnamperuma (1955) suggested that a change in 
equilibrium between ferrous and ferric iron was responsible 
for decrease in H ion concentration, Pearsall (1952) re- 
ported that drying and reflooding brought about reversible 
changes in soil pH.
Patrick (196 4) explains an increase in pH accompanying 
a decrease in redox potential on the basis that at low redox 
potentials ferric hydroxide is reduced to ferrous hydroxide 
as follows:
Fe (OH) ^  + e” ------► Fe(OH) 2 + 0H~
and the simultaneous production of OH ions increase the pH.
Generally acid soils increase and alkaline soils de­
crease in pH after submergence and the pH values tend to 
shift near neutral point (Redman and Patrick, 1965; 
Ponnamperuma, 1965).
Specific conductivity of a soil rises rapidly in the 
early stage of flooding which is attributed to the increase 
in ammonia, iron, manganese and other bases (Ponnamperuma, 
1965) . Decrease in specific conductivity after submergence 
occurs only for soils initially high in nitrate-nitrogen 
(Redman and Patrick, 1965) <.
Soils vary widely with regard to change in specific
conductance with the duration of flooding. Strongly acid
soils have low initial specific conductances, increase
steeply during the first 30 days of flooding and decline
sharply thereafter in striking similarity to the concentra-
+2 +2tion-time changes for soluble Fe and Mn . In alkaline
+2 +2soils Ca and Mg contribute to an increase in specific 
conductance (Ponnamperuma, 1965).
(v) Chemical and Biological Changes
(1) Denitrification, (2) accumulation of ammonia and
products of anaerobic metabolism of microorganisms, (3) re-
+4 +3 =duction of Mn , Fe and SO^ and (4) increase in solubility
of phosphorus and silicon are some of the significant chemi­
cal and biological changes resulting from flooding the soil. 
The increase in magnitude of these changes are dependent on 
presence of high organic matter and absence of NO^ and Mn 0 £ 
and the period and depth of flooding (Ponnamperuma, 1965).
Flooding also causes an increase in the concentration of
+2 +2 + + + ions in the soil solution viz. Ca , Mg , K. , Na , NH^,
+2  +2  —Fe , Mn and HCO^. The magnitude of these changes varies
from soil to soil.
Flooding brings about an increase in extractable phos­
phorus mainly by reduction of ferric to ferrous phosphate 
and hydrolysis of ferric and aluminum phosphates. Under 
extreme anaerobic conditions phosphate apparently is reduced 
to-phosphite and hypophosphite, and phosphine may possibly 
be evolved in transformation. This process may be of little 
practical importance even in flooded rice fields (Tsubota, 
1959) .
B. Forms of Soil Phosphorus and their Distribution
Phosphates present in the soil can be divided into two 
main groups: (1) organic and (2) inorganic. In general
more phosphate is present in inorganic than in organic form. 
Inorganic phosphates in the soil can be classified into four 
main groups? calcium phosphate, aluminum phosphate, iron 
phosphate and the reductant soluble phosphate extractable 
after the removal of the first three forms (Chang and 
Jackson, 1957a). Calcium phosphate exists mainly as apatite 
but dicalcium, monocalcium and octacalcium phosphates also 
exist in small amounts or as transitional forms. Iron, 
aluminum and calcium phosphates also include adsorbed and 
surface precipitated phosphates associated with the respec­
tive types of soil particles. The availability of soil 
phosphorus to plants possibly depends on the extensity of 
phosphate surface of various chemical forms. Fractionation 
of soil phosphorus is, therefore, of value in the fields of 
soil chemistry, soil genesis and soil fertility (Chang and 
Jackson, 1957a)•
A few early workers studied the relation of soil phos­
phorus to various soil fractions, separated on the basis of 
particle size. Ford (1932) found 6 8 % of the total phos­
phorus in certain Kentucky soils to be contained in the < 1 y 
clay fraction with only about 2 0 % occurring in the 1 to 5 p 
fraction and about 10% in the silt fraction. Leahey (1935) 
found the largest amount of total P to occur in the heavier 
mineral separates, with iron phosphates distributed rather' 
evenly among the various specific gravity separates.
The organic P, forms about 18% of total P in several 
Texas and Colorado soils, 45% in some Iowa soils and 15 to
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85% in some Oklahoma soils (Thompson, 1950; German, 1948). 
Phosphorus content of the parent material appears to be a 
major factor in the accumulation of soil organic matter 
under prevailing conditions (Walker and Adams, 1958).
Total phosphorus content of Alberta (Canada) soils 
varied from 513 to 606 ppm in prairie sites and from 1730 
ppm in the Aq horizon to approximately 300 ppm in the B ho­
rizon of Gray-Wooded soil profile (Odynsky, 1936) . In Iowa 
soils total P content was at minimum in the lower A or B ho­
rizon and was greater in the C (Pearson, Spry and Pierre,
1940). Allaway and Rhoades (1951) concluded that those 
forms of phosphorus adsorbed by clay and those associated 
with iron and aluminum probably increased with soil develop­
ment .
Maximum concentration of total phosphorus in poorly- 
drained profiles occurred in the A horizon, while corre­
sponding maxima in well-drained profiles occurred in the C 
horizons. Gley horizons in the poorly-drained soils con­
tained a minimum of total P (Glentworth, 19 47) . A decrease 
in both total and organic P was observed with increasing, 
profile development of Iowa and Missouri loessial soils, 
with a tendency for the phosphorus in the A horizon to de­
crease in relation to that in the C. Soil weathering tended 
to change inorganic P from the more soluble calcium forms to 
the less soluble iron and aluminum forms, but the soil or­
ganic matter retards this process, bringing about the forma­
tion of various other alkali and acid soluble complexes of
phosphorus (Godfrey and Riecken, 1954). The above observa­
tions regarding the decline in solubility of soil phosphorus 
with increasing profile development or weathering were cor­
roborated by Bauwin and Tyner (1957a) and Chang and Jackson 
(1958) in their more recent investigations.
Forms of soil phosphate were observed to be related to 
soil pH, cation activities, solubility products of various 
phosphorus compounds, the degree of chemical weathering 
which had occurred, and fertilizer practices (Chang and 
Jackson, 1958). The less resistant soil phosphates (those 
of calcium and aluminum) were thought to be the forms of 
most probable occurrence before chemical weathering. This 
was explained on the basis of the higher activities of cal­
cium and aluminum ions before soil weathering than of iron 
ions, whose activity is controlled by the activities of the 
respective cations of calcium carbonate, aluminum silicates, 
and iron oxides. With further weathering the iron phos­
phates were reported to increase, at the expense of calcium 
and aluminum phosphates, with eventual occluding of some 
aluminum and iron-aluminum phosphates by iron oxide coating 
(Chang and Jackson, 195 8 ).
Tseng (1960), working on the solubility curves of inor­
ganic P in paddy soils of Taiwan, observed that in acid red 
earth or yellow earth and mudstone alluvial soil, Fe and 
Al-P may have been the principal forms of P. In slate, 
schist and saline alluvial soils Ca-P was the predominant 
form. In sandstone and shale alluvial soils Ca, Fe and Al
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phosphates were present in about equal amounts. The minimum 
solubility of P in soils of different soil groups was gener­
ally in the range of pH 6 - 8 .
Vintila et_ al^ . (1960) working on Rumanian soils found
/
that in the top soil, mineral P represents 50-70% of the 
total p 2 ° 5 * Phosphate soluble in 0.5 N acetic acid occurred 
in the greatest quantity in chernozems where it formed 24% 
of'the total p 2 °5 ' was least abundant in brown podzolic 
soils, forming 1-4% of the total. Phosphate soluble in 
0.5 N HCl and represented 13-30% of the total. Insol^-
uble phosphate formed 10.5-23.8% of the total in chernozems 
and about 30% in leached chernozems and brown podzolic soils. 
Content of organic P varied from 30 to 50% of the total.
The ratio between different forms of P in the arable layer 
was favorable in the leached chernozems and red brown forest 
soils.
Patel and Mehta (1961) fractionated soil P in 21 Indian 
soils into (1). Ca-P, (2) absorbed P, (3) Fe and Al-P, (4) 
organic P, (5) P insoluble in reagents dissolving (1), (2),
(3) and (4). None of the fractions formed a constant pro­
portion of the total.
C. Reactions and Transformations of Inorganic Phosphorus 
in Soils
Wild (1950) divided the soil phosphate into the follow­
ing groups; (1 ) iron and aluminum compounds, (2 ) calcium and 
magnesium compounds, (3) compounds with clay minerals,
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(4) compounds with other inorganic soil constituents and (5) 
compounds with organic matter. The first three mechanisms 
by which soils hold phosphorus are most important. The 
kinds and amounts of clay minerals, the quantities of iron 
and aluminum oxides and lime and the pH of the soil are-most- 
important factors in determining the phosphate fixation and 
phosphate releasing capacities of various soils (Fried and 
Shapiro, 1956). The subject of phosphate fixation has been 
reviewed, from time to time, by Midgely (1940), Wild (1950), 
Dean (1949), Kurtz (1953), Olsen (1953) and Hemwall (1957b). 
Several mechanisms have been shown by these authors insofar 
as phosphate fixation is concerned but no single mechanism 
can probably explain the retention of phosphate under all 
soil conditions. Kittrick and Jackson (1956), however, pro­
posed a "unified theory" of phosphate fixation which can be 
applied to soi 1 -phosphate systems in general.
(i) Reactions with Aluminum and Iron Compounds
The principal crystalline compounds of aluminum and 
ferric phosphates are variscite (AlPO^ = 2^0) , strengite 
(FePO^ *2^0) , and barrandite (mixture of variscite and. 
strengite in any proportion). These minerals occur in well^ 
drained soils. The only iron phosphate mineral that has 
been recognized in waterlogged or poorly-drained soil is 
vivianite [Fe^(PO^)2 •8H2 0 ] .
Iron and aluminum compounds are largely responsible for 
fixation of phosphorus, especially under acid soil condi­
tions (Coleman, 19 45? Swenson et al., 19 49; and Ellis and
Truog, 1955). Wild (1950) reported (1) a positive correla­
tion between phosphate fixation and the amounts of iron and 
aluminum, (2 ) reduction of phosphate fixation by the removal 
of iron and aluminum oxides from soil colloids, and (3) an 
increase in phosphate fixation capacity by the addition of 
iron and aluminum compounds. Within the pH range normally 
encountered in soils the quantities of soluble iron and 
aluminum are too low to account for the total amount of 
phosphorus the soil is capable of fixing (Bear and Toth,
1942; Dean, 1949). Coleman (1945), on the other hand, re*- 
ported that iron and aluminum compounds do not necessarily 
have to be in solution in order for them to fix phosphate. 
Iron and aluminum phosphates are reported to be produced 
through decomposition-precipitation reactions (Kittrick and . 
Jackson, 1956). Although distinct iron and aluminum phos­
phate minerals have been shown to be formed by reacting 
soluble phosphates with clay minerals and sesquioxide 
(Haseman et. al., 1950) it is not certain that similar com­
pounds are formed in soils. Phosphate retention by ferrated- 
and aluminum-resin and by soils is probably by the mechanism 
of exchange of phosphate with ions on the surface of the 
particles (Midgely, 1940; Kurtz et al_., 1946; Scarseth, 1935; 
Fried and Dean, 1955). It was assumed that iron and alumi­
num are present in soils as film coatings of oxides and 
hydroxides.
The possibility of the formation of aluminum phosphate 
minerals (wavellite and variscite) and iron minerals
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(vivianite and dufrenite) in soils under acid conditions 
have been reported by Stelly and Pierre (1942), Swenson et^  
al. (1949), Haseman et al. (1950) and Cole and Jackson 
(1950). That phosphate fixation in soils consists of the 
formation of new separate phase phosphate crystals which 
proceeds through a mechanism of solution-precipitation and 
that the origin/ composition and stability of the phosphate 
phase formed is regulated by the solubility product princi­
ple were suggested by Cole and Jackson (1951) and Kittrick 
and Jackson (1954, 1955a, 1955b).
Even in neutral soils precipitation and accumulation of 
AlPO^ and FePO^ would take place (Chang and Jackson, 1957b). 
The fact that variscite is not the early product of fixation 
was demonstrated by Lindsay et al_. (1959) . They observed 
that the immediate reaction products of applied phosphate in 
acid soils are more soluble than variscite but with passage 
of time these intermediate products are slowly transformed 
into variscite which may coexist with gibbsite as a stable 
solid phase.
Studies made by the TVA group revealed that when mono­
calcium phosphate is applied to the soil it is dissolved in 
soil water as moisture moves into the fertilizer band from 
the surrounding soil. This dissolution process is associ­
ated with the formation of solid dicalcium phosphate dihy­
drate in equilibrium with the solution of monocalcium 
phosphate and phosphoric acid. The dicalcium phosphate 
dihydrate, through a solution-precipitation reaction, is
changed into anhydrous dicalcium phosphate. The so-called 
triple-point solution, leaving the zone of placement of the 
monocalcium phosphate, is a very highly acidic calcium phos­
phate solution. As this solution moves slowly away from the 
fertilizer band into the partially dried soil it dissolves 
Fe, Al, Mn and other soil constituents. With the increase 
in distance from the point of placement of monocalcium phos­
phate the pH of the solution increases and the solution 
becomes saturated with some phosphate compounds which then 
precipitates. With the passage of time and increase of dis­
tance and pH, the order of precipitation was Fe > Al > Mn 
(Lehr and co-workers, 1958, 1959; Brown and Lehr, 1959; 
Lindsay and Stephenson, 1959a, 1959b). It was indicated 
that the particular kind of compound formed was determined 
by soil type, soil water content, time of reaction, tempera­
ture and presence of varying amounts of dissolved soil coim- 
ponents. According to the above mentioned results, the 
earlier concepts, that iron and aluminum phosphates do not 
precipitate in soils because the solubilities of iron and 
aluminum are too low, are incorrect. In the vicinity of 
monocalcium phosphate particles, very acid solutions with 
high concentrations of Fe and Al exist (Davide, 1960).
Sperber (1957) working on the solution of mineral phos­
phates by soil bacteria found that in an experiment where 
ferric phosphate was incorporated as the insoluble phosphate 
source, a marked blackening of the particles by numerous 
microorganisms occurred. This was shown to be due to
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production by these organisms. presumably reduced
ferric phosphate to black ferrous sulphide with the release 
of phosphate. Local accumulation of lactic acid and H 2S 
from microbiological metabolism are at least two biological 
products important in rendering insoluble phosphate avail­
able .
It was shown experimentally that synthetic soil phos­
phate minerals, hydroxy fluor-apatite, Al and ferric 
"hydroxide phosphate", exit in the following equilibrium 
with one another:
Calcium phosphate + hydroxide ^ ph°Sphate
Equilibrium is shifted to the left by an alkaline reaction 
and to the right by an acid reaction (Rathji, 1960).
Cecconi (1960) and Geissler (1961).reported that fixa­
tion of P from phosphate'solutions in contact with noncal- 
cateous soils was mainly due to the Fe and Al present. The 
insoluble simple or complex phosphates precipitating differ­
ed according to pH (3-7) and temperature conditions 
(18°-80°C) and time of reaction (30 minutes to 7 days).
Newly formed phosphates were generally amorphous and pos­
sessed a high exchange capacity, the latter, together with 
solubility, progressively decreasing with the loss of amor­
phous characteristics during aging. There was no relation­
ship between the amount of fixed P and the consequent 
increase in the exchange capacity of the soil.
(ii) Phosphate Reactions with Clay Minerals
It was reported by Murphy as early as 1939 that soils
high in kaolin fix large amounts of phosphate and the fixa­
tion capacity increased greatly by grinding the kaolinite 
minerals. Stout (1939) observed that phosphate fixation by 
ground halloysite proceeds through an exchange reaction, 
whereby phosphate in the solution replaces the hydroxyl 
group exposed on the surface of the kaolin lattice. This 
reaction was thought to be reversed by adding OH ions, with 
phosphate ions going back into solution. According to Black 
(19 41) the phosphate ions might penetrate into the clay par­
ticles and replace the OH group on the lattice layer inside 
the crystal. On the other hand Sieling (1947) reasoned that 
it is not the kaolinite but free alumina, set free by the 
disruption of lattice by grinding, which is responsible for 
phosphate fixation. The results of Perkins and his associ­
ates (1955, 1957) corroborate the concepts of Sieling (1947).
Phosphorus is shown to be fixed by clay minerals by 
reacting with soluble aluminum originated from the exchange 
sites and from lattice dissociation of the clay minerals to 
form a highly insoluble aluminum phosphate compound (Hemwall, 
195 7a). A positive correlation between phosphate sorbed and 
exchangeable aluminum content of sixty subsoil samples from 
the North Carolina Piedmont was observed by Coleman et a l . 
(1960). Under conditions in which hydrolysis released ex­
changeable aluminum, they noticed the presence of Al-montr- 
morilIonite bound orthophosphate equivalent to the amounts 
of exchangeable aluminum. Chang and Chu (1961) corroborated 
the above finding that clay fraction is the main site of
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phosphate fixation in soils. Since the concentration of 
aluminum in the clay is much higher than that of iron or 
calcium, soluble phosphates are more likely to be fixed in 
the initial stages as aluminum phosphate then as iron phos­
phate or calcium phosphate. They suggest, therefore, that 
the first step in the reaction of soluble phosphate occurs 
on the surface of the clay. In this case, the relative ion 
activities of aluminum, iron and calcium in the soil solu­
tion, rather than the specific surface area of the solid 
phases associated with these ions determine the relative 
amount and kinds of phosphate formed. As time elapses alu­
minum and iron phosphates change to less soluble forms 
according to the solubility product principle.
According to Low and Black (1947) kaolinite dissociates 
into aluminum and silicate ions and phosphate precipitates 
the aluminum ions. This precipitation disturbs the equilib­
rium and causes the clay to dissolve in accordance with the 
solubility product principle. Kaolinite has been considered 
to be a complex salt of a weak silicic acid and a weak base 
(aluminum hydroxide) in this concept.
There is evidence of phosphate fixation through a mech­
anism of replacement off silicate ions (Toth, 1937) . It was 
demonstrated that with increased phosphate fixation the 
amount of silica in the supernatant liquid increased. Low 
and Black (1950) studied the reaction between phosphate and 
kaolinite clay. Digestion of kaolinite in a strong phos­
phate solution released silica in a quantity proportional to
phosphate fixed by the clay and aluminum was changed to a 
form extractable with aluminum complexing reagents. They 
postulated two reactions in the above experiment as evi­
denced by the rate of silica release from kaolinite. The 
first is an adsorption reaction (replacement of surface 
silicon-oxygen tetrahedra by phosphorus-oxygen tetrahedra) 
while the second reaction (phosphate induced solution of the 
surface compound and precipitation of aluminum phosphate) is 
linear with time and is dependent on the completion of the 
first reaction. The phosphate induced decomposition of clay 
minerals results in the formation of iron and aluminum phos­
phate minerals (Haseman et al., 1950). Since the concentra­
tion of aluminum in the clay is much higher than that of
iron or calcium, phosphates are more likely to be fixed by
clay in the initial stages as aluminum phosphate than as 
iron phosphate or calcium phosphate. As time elapses alumi­
num phosphate is changed to the less soluble iron phosphate,
(iii) Phosphate Reactions in Calcareous Soils
The mechanism of phosphate fixation in calcareous soils
can be, to a great extent, accounted for by the reaction of
phosphates with calcium ions and possibly calcium carbonate. 
These reactions result in the formation of calcium phosphate 
complex compounds with varying solubility. The solubility 
of calcium orthophosphate decreases in the order to mono-, 
di- and tricalcium phosphates. The formation of insoluble 
tricalcium phosphate is favored at a high pH. Of all the 
phosphate minerals present in the soil, apatites are by far
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the most important. Hydroxy apatite is considered to be 
stable solid phase in the weakly acid, neutral or alkaline 
solution. Some investigators (Moreno et al_., 1960) believe 
that octacalcium phosphate is a very stable form.
In alkaline soils that contain free CaCO^, phosphate 
ions, coming in contact with it, are precipitated on the
surface of these particles. The quantity of precipitates is
dependent on the amount of exposed surface of CaCO^. A cal­
cium saturated clay may also fix P. The explanation has
been postulated as a linkage of clay-Ca-^PO^. However, an 
increase in the OH concentration has been found by Cole and 
Jackson (1951) to release P from variscite by decreasing the 
activity of the aluminum ions. Hemwall (1957a) hypothesized 
that in calcareous soils P fixation is due to the formation 
of a series of insoluble heterogeneous calcium phosphates.
Precipitation of calcium phosphate occurs as a separate
phase above pH 6.5 with a Ca or Na saturated clay. Initial
+2stage of this reaction is probably precipitation of Ca and 
HPO^ from solution which proceeds when the solubility prod­
uct of CaHPO^ is exceeded. Subsequent enrichment of the 
precipitate with more calcium is likely to occur with the 
increase of OH- , CO” and F_ ions (Olsen, 1953).
Concentration of calcium in the soil solution of cal­
careous soil is the dominant factor in determining the phos­
phate concentration in the liquid phase of the soil (Burd, 
1948). Phosphorus solubility is influenced greatly by sur­
face adsorption reactions and the solubility increases
regularly with the amounts of phosphate adsorbed in the 
monolayer region on the surfaces of various materials likely 
to be present in calcareous soils (Cole and Olsen, 1959a, 
1959b).
Phosphorus fractionation and P fixation capacity of 
calcareous sugar cane soils in Mexico were studied by Lagos 
(1963). In two soils of pH > 7 = 5 a larger fertilizer phos- 
phate retention occurred in the Ca^fPO^^ fraction while in 
the other five soils of pH < 7.5 fertilizer phosphate was 
largely retained as FePO^ and AlPO^. An average of 25% of 
the added P was retained in the "soluble and loosely bound" 
fraction. P fixing capacity of the soils ranged from 48 to 
69% and averaged 58.7%. The phosphate content of each frac­
tion was used as a criterion for determining the degree of 
chemical weathering of the soils.
Hanley (1962) studied the soil phosphorus forms and 
their availability to plants. Six soils derived from cal­
careous and noncalcareous rocks were tested in pot culture 
with perennial rye grass, white clover and Agrostis tenuis. 
Inorganic P was separated into six fractions. Of these alu­
minum phosphate was preferred by crops and iron phosphate 
was important in some soils. Calcium phosphate contributed 
little to P uptake and iron oxide coated and occluded phos­
phates were completely unavailable. There was a highly 
significant correlation between the aluminum phosphate con­
tent of 16 Irish soils and the percent response of sugar 
beet to superphosphate.
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D. Effect of Flooding on Transformation of Soil Phosphorus 
The behavior of phosphate in flooded soils is remark­
ably different from its behavior in upland soils. This
phenomenon is of utmost practical significance in rice fer-
+2tilization. The phosphate combining with Fe in the soil, 
is more available under waterlogged conditions because of' 
reduction of ferric to ferrous state. This point was 
stressed by Japanese workers as early as 1941.
Under the rice growing conditions in different parts of 
the'world the soil-water-plant relationships are not the 
same. While rice grows under continuous seasonal flooding 
in some areas, in other areas the practice of alternate- we to­
ting and drying is followed either purposely or due to 
natural factors. The transformation of phosphorus under 
both these conditions can not be identical. Significant 
changes in many of the soil fertility factors take place 
either as a result of continuous flooding or alternate wet­
ting and drying.
(i) Effect of Continuous Flooding
Aoki (1941) showed a marked increase in the solubility 
of phosphorus in flooded soils. Mitsui (1954), Shapiro 
(1958a, 1958b) and Stelly and Ricaud (1960) have shown that 
< lowland rice frequently does not respond to phosphate ferti­
lization, even though an upland crop grown on the same soil 
may show a positive response to P application. Reasons for 
the wide differences in phosphate response observed between 
well-drained and flooded soils have not been clearly defined.
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However, these differences in the P behavior may be explain^ 
ed in terms of the chemical nature of the phosphate com­
pounds and their solubility in various chemical extractants.
Flooding caused a decrease in water soluble inorganic-P 
in rice soils of Arkansas and Louisiana (Bartholomew, 1931 
and Sturgis, 1936). The decrease in phosphate availability 
was explained partly due to high calcium content of irriga­
tion water and partly due to the transformation of inorganic 
to organic phosphorus. Later studies of Beacher (1955) in 
Arkansas contradicted the above findings.
The distribution patterns and the plant availability of 
the different phosphate fractions may be altered by reducing 
•conditions brought about by seasonal flooding. Since ferti­
lizer phosphate added to well-drained soils changes gradual­
ly into iron phosphate, the reduction resulting from 
flooding would lead to the formation of ferrous phosphate.
The reductant-soluble iron phosphate is obviously of impor­
tance in the phosphate fertility of submerged soils, even 
though the importance of this fraction has been discounted 
for upland soils (Chang and Jackson, 195 8 ) . It is possible 
that the inconsistencies of phosphate-response by rice in 
flooded soils may be due to differences in the amounts of 
the reductant-soluble iron phosphate fraction. However, 
there is no evidence to this effect in the literature 
(Davide, 1960) .
Precipitation of two ferrous phosphates, i.e., (1)
vivianite, Fe^ (PO^) ^  * 8 ^ 0 , and (2 ) hydrated calcium ferrous
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phosphate, Ca2 Fe(PO^)2 •4H2 0, were observed in the fertilizer- 
residue under waterlogged conditions by Lehr et al. (1959) 
when they added monocalcium phosphate monohydrate to the 
soil samples and stored for 6 to 7 months at 8 &°F, but they 
could not confirm their results in a later experiment.
Eriksson (1952) reported that vivianite can not exist in 
well-drained soils and its occurrence in waterlogged soils 
should be rare. The rare occurrence of vivianite in wateri- 
logged soils is due to the competition of E^S with ^ P O ^  for 
the’ ferrous iron (Mitsui, 1954), the E^S being formed by the 
decomposition of organic sulfur compounds or due to the re­
duction of sulfates. Sperber (1958) reported that sulfides 
in the soil might reduce ferric phosphate to ferrous sulfide 
with the release of phosphate. Bromfield (1954) reported 
the reduction of FePO^ by Bacillus circulans.
Phosphorus is, thus, more soluble in flooded soils in 
the presence of iron phosphates. The presence of large 
amounts of Al-bound phosphates and other compounds, however, 
enhances the refixation of phosphates that become soluble 
during the reduction of iron phosphate. Large quantities of 
iron compounds, when incompletely reduced due to submergence, 
also encourage refixation of phosphates. When the soil is 
dried up, precipitation of phosphate from solution is likely 
to occur in the oxidized surface layer. Flooding dissolves 
the iron oxide coatings of clay particles; the iron will 
oxidize and may precipitate phosphates.
The mechanism of phosphate release in flooded soil may
be explained by (1 ) reduction of insoluble ferric phosphate 
to more soluble ferrous phosphate (Islam and Elahi, 1954),
(2 ) release of occluded phosphate by reduction of hydrated 
ferric oxide coatings (Chang and Jackson, 1958), (3) dis­
placement of phosphate from ferric and aluminum phosphates 
by organic anions (Bradley and Sieling, 1953), (4) hydroly­
sis of ferric and aluminum phosphates due to increase in 
alkalinity (Ponnamperuma, 1955), (5) anion (phosphate) ex­
change between clay and organic anions (Russell, 1962), and 
(6 ) hydration of ferric and aluminum phosphates (Ponnam­
peruma, 1955)o
Another possible mechanism of increase in the avail­
ability of phosphorus was suggested by Kawaguchi (1965) 
which takes place according to the following reactions: 
Fe 3 (P04 ) 2 + 3H2S -- ► 3FeS + + 2 H 3 P 0 4
h 3 P ° 4 H+ + H 2 P0 4
H2P04 H+ + HP04
This process probably prevails in soils poor in free iron. 
The subsequent decrease in phosphate solubility may be 
caused by resorption of phosphate on clay or aluminum hy­
droxide (Bromfield, 1960) with the destruction by further 
microbial action of the organic anions or complexing agents 
(Ponnamperuma, 1965). The availability of P is considerably 
reduced because of precipitation of FeP0 4 in the oxidized 
rhizosphere of the rice roots,
There is abundant evidence that iron compounds in soils,
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especially the hydrated ferric oxides, have a marked capac­
ity for fixing phosphate, although the exact mechanism is by 
no means clear. Submergence of a soil would cause an in­
crease in soluble phosphate (1 ) if these iron compounds 
containing phosphate are reduced and (2 ) if ferrous phos­
phate is more soluble than ferric. There is evidence for 
both. Bromfield (1954) has shown that FePO^ is reduced by 
Bacillus circulans as readily as Fe(OH)g. Eriksson (1952) 
has determined the solubility of Fe^ (PO4 ) 2 * 8 H 2 0  an<  ^given an 
expression for the solubility product which may be written 
as: -- -
pH 2 PO^ = -6.0 - 1.5pFe+ 2  + 2pH
+2It is clear from this equation that at a Fe concen­
tration of one millimole per liter and pH 7.0 the concentra-
-3 5tion of H 2 PC>£ is 10 ' . In other words, the solubility of
ferrous phosphate is so high that under the conditions 
obtained in a submerged soil any ferrous phosphate formed 
would be completely in solution. The rare occurrence of the 
mineral vivianite is, therefore, not surprising.
The ability of complexing agents like oxalate and cit­
rate and certain unidentified components of soil organic 
matter to displace phosphate from clays and the hydrated 
oxides of iron and aluminum has been so clearly demonstrated 
for well-drained soils that the possibility of this operat­
ing in a submerged soil hardly needs emphasis.
The phosphate solubility-pH curves for the flooded and 
nonflooded soils resembled those of precipitated ferrous and
ferric phosphates, respectively. Mitsui (1954), therefore, 
postulated that phosphate availability under submerged con*- 
dition was governed mainly by the solubility of iron phos­
phate. The high solubility of phosphate -in the alkaline pH 
range was presumed to be due to the hydrolysis of this com­
pound.
Shapiro (195 8 a) studied the effect of flooding on 
availability of phosphorus and nitrogen and observed that 
both the yield and the phosphorus uptake increased under 
flooded condition. He explained that this increase in the 
phosphorus uptake by rice in flooded soils could be due to 
an increase in the availability of either the soil or the 
fertilizer phosphorus applied. The soil phosphorus as meas 
ured by the A-value (Fried and Dean, 1952) increased with 
flooding. Increases in the availability of phosphorus when 
the soils were flooded was ascribed to (1 ) the increased 
solubility of iron phosphate and (2 ) to the hydrolysis of 
the soil phosphates brought about by reducing conditions of 
the soil.
In Japan it was observed that phosphate reduction was 
high in volcanic ash and alluvial soils rich in humus.
After one week's incubation of the reducing medium (contain 
ing orthophosphate and inoculated with small amounts of 
soil) considerable amount of phosphite and hypophosphite 
were detected. Bacteria which produced the lowest redox 
potential in their medium' - Clostridium butyricum and 
Escherichia coli - were capable of phosphate reduction
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Tsubota (1959).
Davide (1960) working on phosphate reactions in flooded 
soils observed that with CaH 4 (P04 ) 2 as P source, response of 
rice was almost the same in flooded and nonflooded soil.
AlPO^ produced better growth on nonflooded soil, but FePO^ 
produced a much better response in flooded soil.; the benefi­
cial effects of flooding on phosphate availability depended 
on the extent of reduction processes and the Fe content of 
the soil. The solubilities of Ca, Al and Fe phosphates 
measured by HC1 and H^SO^ extraction on soils incubated 
under flooded and nonflooded conditions were greater when 
the soils were flooded; with longer periods of incubation 
amounts of P extracted depended on the soil type rather than 
P source.
Aderichin (1960) worked on the factors of anion ab­
sorption in the soils. He found that phosphate absorption 
in soil was affected by cations in the following order:
Fe > Ca > H > Mg > K > NH^ > Na; the absorption of phosphate 
was increased by removing organic matter through ignition, 
increasing soil temperature, decreasing soil moisture and by 
adjusting pH values of the soil solution to above and below 
5-6.
A study of the distribution of phosphorus in swamp mud 
in Sierra Leone; by Hesse (1962) indicated that 87% of the 
total P was in organic combination and the remainder was 
almost entirely in association with Fe and Ca. The swamp 
muds were comparatively unweathered; thus the absence of
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occluded forms of P was not surprising. The only time Al-P 
increased in concentration was when the mud was incubated 
aerobically in the presence of calcium carbonate. The fixa*- 
tion of inorganic phosphorus by the fresh and dried mud was 
an extremely rapid process. The difference in the amount'of 
phosphorus fixed in 30 minutes and 30 days was negligible-.
Hesse (1962) also found that when excess soluble P was 
not continuously present, there occurred a loss of Al-P with 
time whereas Fe-P increased in concentration. In the pres­
ence of excess soluble P the Fe and Al-P remained constant 
in amount after their initial increase. When calcium phos­
phate was added to the mud at the lower and more practical 
rate of 20 ppm P (about 3 cwt. 'Super' per acre), the Al-P, 
after an initial increase, decreased again within 30 days to 
its original value. Thus the absence of aluminum bound-P in 
the mangrove muds appears to be due to a transfer to iron.of 
any phosphorus which may have been acquired by aluminum.
The transfer of phosphorus from Al to Fe has been found 
(Yuan et ad_., 1960) to take place in acid sandy soils and 
they consider this to be due to the lower solubility product 
of iron phosphate. Valencia (1962) studied the availability 
of native and applied phosphate to rice grown on 5 waterlog­
ged soils. Soon after flooding P increased apparently 
through hydrolysis of AlPO^ and reduction of FePO^. After 
long waterlogging, however, P became less available, prob­
ably due to fixation. This was evident in decreasing A- 
values.
In the main rice tracts of different soil climatic 
zones of West Bengal (India), the average available P con­
tent of unmanured puddled soil at planting time in 1960 was 
44 lb/acre and represented 2.4% of the total P content. The 
available P content increased by 6 4% from planting to t i n k ­
ering, remained fairly constant from tillering to preflower­
ing and decreased by postharvest time to its original value. 
Fe and Al phosphates represented 47% of the total P, de­
creased gradually from 847 lb/acre at planting time to 424 
lb at postharvest time and then increased to 521 lb by 
planting time of 1961. Total P decreased from 1818 lb/acre 
at planting time to 1603 lb at preflowering and then in­
creased gradually to 1795 lb at planting time in 1961 (Basak 
and Bhattacharya, 19 62).
Changes in the forms of fixed phosphate and its avail­
ability in paddy soils was studied by Chiang (1963a, 1963b). 
As a result of flooding the amount of soluble P generally 
increased at first but decreased slightly later due to low­
ering of pH. The amounts of different forms of fixed P was 
Fe-P > Al-P > Ca-P in acid soils and Ca-P > Fe-P > Al-P in 
alkaline soils. The amount of Ca-P and Fe-P increased and 
that of Al-P decreased due to increase in pH in acid soils 
whereas amount of Ca-P and Al-P increased and that of Fe-P 
decreased in alkaline soils. The amount of soluble P in­
creased in all soils. Difficultly soluble Al-P and Fe-P 
became more soluble by being hydrolyzed or in a reduced 
state. The amounts of exchangeable Al, Fe and Ca were
correlated with the availability of P , the form of fixed P 
and pH and of the soil. The above changes were particu­
larly significant at the initial stages of flooding, but 
gradually slowed down after one week, and almost disappear­
ing after two months. Available P and Fe increased with 
decreasing but was less closely correlated with increase 
in pH.
Mandal (1964) studied the transformation of inorganic P 
in waterlogged rice soils in India. On waterlogging, con*- 
trol samples showed a slight increase in acetic acid ex- 
tractable P, a slight decrease in the ferric phosphate and 
Al and Ca phosphates were unchanged as supernatant water was 
analyzed at intervals. In the presence of starch 0.5 N 
acetic acid extractable P increased and Ca-P decreased. The 
large amounts of CC^ formed by the decomposition of starch 
may have converted some insoluble tricalcium phosphates to 
more soluble mono- and dicalcium phosphates. Although much 
ferrous iron was formed there was no decrease in ferric 
phosphate and aluminum phosphate was not affected* In the 
presence of lime, ferric -and aluminum phosphate decreased, 
the former considerably and the latter slightly. This de­
crease may be due to hydrolysis. Ca-phosphate was increased 
appreciably by liming. Some of the ferric phosphates seem 
to be converted to Ca-phosphate. In acid soils with most of 
the inorganic P as ferric phosphate, the use of lime follow­
ed by organic matter may increase the availability of soil P 
under waterlogged condition.
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Work on reversion of ferric iron to ferrous iron under
waterlogged condition was done by Islam and Elahi (1954) and
their relation to available P was established. In lateritic
soils kept under waterlogged conditions in the laboratory,
+3 +2there was progressive reduction of Fe into Fe and an in­
crease in readily soluble P. Addition of oxidizable materi­
als, especially green manure, promoted the process of reduc­
tion and greatly increased the availability of P.
Kurtz and Quirk (1965) found that short period of 
waterlogging decreased the availability of both soil P and 
added P to subterranean clover. Waterlogging slightly in­
creased P adsorption capacity (Paul and DeLong, 1949).
Soils containing appreciable amounts of ferric phosphate 
under anaerobic conditions might increase P supply to plants 
but that soils without FePO^ would show decrease in avail­
able P (Williams, Bromfield and Williams, 1958). Williams 
et al. did not measure Fe and occluded P because Khin and 
Leeper (1960) and Chang and Chu (1961) found that phosphate 
fertilization did not change these fractions.
Recently Patrick (1964) working with controlled redox 
potentials, found a definite relationship between extract- 
able phosphate phosphorus and the redox potential of the 
soil. His data indicated a marked increase in extractable 
phosphorus when the redox potential fell below + 2 0 0  milli­
volts . This phosphorus increased from 10 ppm to 35 ppm 
between the potentials of +200 and -200 millivolts. The 
fact that at + 2 0 0  millivolts, ferric ion also began to be
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reduced to ferrous iron tends to confirm that this increase 
in P came from the conversion of ferric phosphate to the 
more soluble ferrous phosphate. Redman and Patrick (1965) 
reported that for a number of soils extractable phosphorus 
was about 2 1 % higher under reduced conditions brought on by 
submergence. Appreciable phosphate release occurred only in 
those soils that released large amounts of ferrous iron.
(ii) Effect of Alternate Wetting and Drying
A good percentage of world rice acreage is still de­
pendent on natural rainfall having no artificial irrigation 
facilities. Due to vagaries of monsoon and uncertainties of 
rainfall or due to purposeful intermittent drainage of 
flooded rice fields during growing season, the soils are 
subjected to alternate wetting and drying which bring about 
changes different from those under continuous flooding.
Yuan et' al. (1960) extracted soils successively with 
1 N NH 4 C1, 0.5 N NH 4 F, 0,1 N NaOH and 0.5 N H 2 SC>4 solutions 
to represent water-soluble Al, Fe and Ca-P respectively.
Over 80% of the added P was retained by the soils as Al and 
Fe phosphates. Less than 10% was in water-soluble and Ca-P 
forms. The ratio of Al:Fe phosphates increased with the 
rates of P applied to the soils. Increasing soil drying 
temperature decreased the percentage of P in the Al-P form 
but" increased that in Fe-phosphate form. Prolonged alter­
nate wetting and drying reduced the percentage of P in Al 
form in a fine sandy loam and a loamy fine sand and increas-. 
ed the percentage distribution in Fe form in the fine sandy
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loam and a fine sand.
Drying decreased the pH and increased the available P 
and K of 20 submerged rice soils of Kuttonad in India. Sun 
or oven drying produced more available nutrients than did 
air drying. Results indicate that there is no relationship 
between available nutrients measured in dried soils and in 
wet soils. In an earlier study it was shown that after 
raising the available P to measurable levels and keeping the 
soil submerged for 3 months, available P (extracted with 
Bray’s reagent No. 2) was little affected by drying 
(Zachariah, 1962, 1964).
Paul and DeLong (19 49) had shown earlier that drying a 
soil subsequent to flooding decreased the solubilities of 
both native and added phosphate. Drying led to the conver­
sion of soluble phosphate to less readily extractable forms 
and to a decrease in the organic phosphorus fraction.
Flooding in the presence of easily decomposable organic 
matter enhanced changes produced by later drying. Perhaps 
the biological reduction of iron during the flooding phase, 
followed by reoxidation during the drying phase, results in 
the enhanced reactivity of the sesquioxide fraction of the 
soil, leading to an increase in the phosphorus fixing capac­
ity and hence a decrease in the solubility of phosphorus 
upon drying.
Air drying generally increased the easily soluble P- 
content of noncalcareous soils and decreased it in calcare­
ous soils. Moistening air dry soil to field capacity
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usually increased its content of easily soluble P {Babayan 
et al.# 1962).
Papovic (195 8 ) found that reducing conditions, obtained 
by keeping the soil under paraffin oil, increased the fixa­
tion and decreased the lactate solubility of P. This was 
more marked in soils originally rich in P and was probably 
related to the greater solubility of Fe after its reduction 
and the decrease in pH. Results indicate the importance of 
good aeration for the utilization of phosphates, which may 
be adversely affected by flood irrigation.
Anaerobic fermentation of rice straw resulted in exten­
sive mobilization of Fe. Both Al and Ca depressed the 
mobilization of Fe. Increase in dilute acid soluble P in 
waterlogged acid soils is attributed to the reduction of 
ferric phosphate. It is proposed that "in assessing the P 
status of rice soils, ferric phosphate should be considered 
as in "available" form (Gasser, 1956).
E . Effect of Organic Matter, Soil pH, Texture and Chemical 
Fertilizers on Phosphate Solubility and Availability in 
Soils
Because of the insolubility of iron and aluminum phos­
phates and the very low solubility of the calcium phosphates, 
with the exception of monocalcium phosphates, plants in the 
majority of cultivated soils are forced to absorb their 
phosphorus from a very dilute solution of the element.
Sodium, potassium and ammonium phosphates are quite soluble,
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but these salts occur in very few soils indeed, and when 
they are present other characteristics render the soil a 
poor medium of plant growth. Magnesium phosphates are also 
more soluble than the calcium salts, but again few soils 
contain appreciable quantities of them. The solubility of 
calcium phosphates shouid be increased by addition of solu­
ble salts if no interfering factors are present. In the 
soil, however, the reverse action usually takes place 
because of the liberation of adsorbed calcium. The age and 
degree of crystallization of iron and aluminum phosphates 
have an effect on their availability to plants, according to 
Kurtz (1953). Furthermore, some workers believe that phos­
phorus adsorbed by sesquioxides is used fairly readily by 
plants if the adsorption capacity is saturated but that 
otherwise the utilization is low. Additions of lime to acid 
soils containing iron and aluminum compounds of phosphorus 
tend to convert them into more readily available calcium 
salts.
The amount of phosphorus available to the plant^as a 
result of the addition of organic matter to the soil is de­
pendent upon a number of biological and chemical factors.
Of these factors, the relative rates of immobilization of 
inorganic phosphorus and mineralization of organic forms of 
phosphorus are considered to be important in the nutrition 
of the plants.
(i) Influence of Oxidizable Organic Matter on the Avail­
ability of Phosphorus
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Organic matter has generally been found to increase the 
solubility of soil phosphorus and its availability to plants. 
Anions of organic acids and their salts are believed to form 
stable complexes with iron, aluminum and calcium, releasing 
the phosphorus from the insoluble compounds or preventing 
fixation of the soluble phosphorus by these compounds„
Several sugars and organic acids have been reported to 
be normally produced by microorganisms in the soil (Bradley 
et al., 1953 and Struthers et al., 1950). These organic 
acids, citric, oxalic, tartaric, malonic and lactic, were 
found to be effective in preventing the precipitation of 
phosphate in vitro. Dissolution of ferric phosphate under 
anaerobic condition was reported by Bromfield (1960) and 
Schwartz and Martin (1955). The increased solubility of 
ferric phosphate resulting from the addition of oxidizable 
organic matter (subterranean clover) was attributed to the 
production of organic acids.
Under waterlogged condition organic matter affects the ' 
phosphorus availability through mechanisms of reduction and 
chelation. There is evidence that the former seems to be 
more important. Both of the above listed effects of organic 
matter would be expected to lead to increases in the solu­
bility and perhaps the availability of soil phosphate 
(Shapiro, 1958b). The transformation of inorganic to organ­
ic P, which has been noted in the flooded soils (Bartholomew, 
1931; Paul and DeLong, 1949) would have the opposite effect 
on availability. Gasser (1956) showed evidence of formation
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of insoluble Al-organic complexes due to anaerobic fermenta­
tion of rice straw. ..
The role of organic matter in reducing intensity of 
phosphate fixation by sesquioxides was considered statisti­
cally with data from 15 Indian soils (Datta and Srivastava, 
1963). The results indicate a strong interaction of organic 
matter level with pH and sesquioxide content; when correc­
tion was made for these factors sesquioxide level and phos­
phate bonding energy were highly correlated.
(ii) Availability of Organic Phosphorus
Organic phosphorus in the soil exists mainly in the 
form of phytin, nucleic acids, phospholipids and their 
respective derivatives which may constitute from a small 
fraction to as much as 80% of the total phosphorus present 
(Valencia, 1962).
The phosphate supply from organic compounds is depend­
ent upon their rate of mineralization. Pierre (1948),
Jackman (1955) and Van Diest and Black (195 9) reported that 
some soils, even high in organic phosphorus, respond to 
phosphate fertilization. This behavior of organic phos­
phorus was possibly due to characteristics of phytin whose 
reactions with inorganic phosphorus are similar to those of 
iron and aluminum. Organic phosphorus can only serve as 
plant nutrient after it has been mineralized into inorganic 
forms. Since little mineralization takes place under anaer­
obic conditions, organic phosphorus is of no practical value 
in flooded soils.
Moore and Rhoades (1962) working on phosphorus nutri­
tion in two Nebraska wet meadow soils observed that two 
soils (Soil No. 1, showing marked response to phosphate fer­
tilizer, and Soil No. 2 showing little response to phosphate 
fertilizer) behaved differently so far as P uptake by meadow 
vegetation was concerned. The vegetation on Soil No. 1 de­
rived twice as much P from fertilizer as from the soil while 
the vegetation on Soil No. 2 obtained about equal quantities 
of phosphorus from soil and fertilizer sources. The ground 
water from site No. 2 contained 3 times as much phosphorus 
as that from site No. 1 (0.41 ppm and 0.12 ppm P respective­
ly) . A laboratory study of the mineralization of soil 
organic phosphorus indicated that in Soil No. 2 microbiolog­
ical action released inorganic P whereas in Soil No. 1 inor­
ganic P was assimilated. Differences in the P content of 
ground water and in microbiological activity were probably 
responsible for differential responses to phosphorus ferti­
lization obtained in the field.
Harris and Warren (1962) in a study of 15 organic soils 
showed that the reduction in phosphorus concentration in 
aqueous solutions shaken with the soils gave a good indica­
tion of their phosphorus fixation capacities. An equally 
good indicator in soils that had prior phosphorus fertiliza­
tion was the level of water-extractable phosphorus. Total 
iron, aluminum, calcium and P content of the soils did not 
relate significantly to the phosphorus fixation capacity of 
organic soils. *-
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(iii) Soil pH
Several investigators have studied the relationship 
between soil pH and phosphorus solubility. Soil pH may in­
fluence phosphorus availability to plants by affecting phys­
iological changes in the permeability of root membranes, the 
behavior of soil P, and the competition with other ions, 
such as OH- , HCO^/ HSO^, silicate and organic anions for 
plant uptake.
The ionic form of phosphate is determined by the pH of 
the solution. In highly acid solutions only the H 2 PO^ ions 
are present. If the pH is increased, first the HPO^ ions 
and then finally PO^ ions dominate. The situation can be 
shown by means of the following equations:
H2p o “ + 0 H > H20 + HPO^ *-°- > H20 + PO^
(■very acid-* /-very alkaline-^
'■solution • '■solution '
At intermediate pH, two of the phosphate ions may be 
present. The concentration of is greatest at a pH of
about 4.0 and declines to zero above the pH of 9.0. The
H 2 PO^ and HPO^ ions are about equal at a pH of about 7.2.
H 2 P 0 4 ion is more available to plants than HPO^ but is gen­
erally fixed by soluble Al and Fe present in acid soil. It 
should be emphasized here that the H ^ O ^  ion reacts not only 
with the soluble Fe, Al and Mn but also with insoluble hy­
drous oxides of these elements such as limonite and goethite. 
In fact the actual quantity of phosphorus fixed by these 
minerals in acid soils quite likely exceeds that due to
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chemical precipitation by soluble Fe, Al and Mn cations.
The proportions, however, may vary from soil to soil.
McGeorge (19 39) placed the range of minimum solubility 
of phosphate between pH 7.6 and 8.5 with an increase in sol­
ubility both above and below these values. On the other 
hand Burd (19 48) placed minimum solubility near pH 7 and 
Gardner and Kelly (1940) between pH 7,0 and 8.0, An average 
of results shows minimum solubility to occur between pH 7.0 
and 7.5 according to Olsen (1953). In general the value of 
residual phosphorus is considered greatest in neutral soils, 
somewhat less in alkaline calcareous soils, especially those 
high in sesquioxides and kaolinites.
In a study of regression analysis of the P fractions 
with available P, Al-Abbas and Barber (1964) used soil pH 
and organic matter as independent variables since both 
influence P availability.
Caldwell and Black (195 8 ) found that the percentage of 
inositol hexaphosphate in relation to total organic P was 
higher in forest soils than in grassland soils and decreased 
with - increasing pH.
Hsu and Jackson - (1960) studied the solubility of (a) 
hydroxy apatite (Ca-P), (b) variscite (Al-P) and (c) 
strengite (Fe-P) and plotted them as a function of pH on the 
basis of their solubility. The solubilities of variscite 
and strengite were close to each other and about equal to 
hydroxy apatite at pH 6.0 to 7.0. Above this pH hydroxy 
apatite was more stable than variscite and strengite and
y
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below this pH the latter two were more stable than the 
former. The inorganic P fractions in gray brown podzolic 
soils derived from calcareous parent materials were closely 
related to soil pH.
Alinari et al. (1956) extracted soils with solutions 
varying in pH and their results indicated that P solubility 
was higher at pH 5.5 to 6.5 in productive than in less fer­
tile soils, and was fairly high at pH 3.5 to 4.5 with 
calcareous soils.
In East Pakistan soils, Karim and Khan (1955) found 
that the percentage of total P represented by organic P in­
creased from pH 4.2 to pH 4.6; decreased to a minimum be­
tween pH 4.6 to 5.6 and increased again with pH. The 
sesquioxide-bound P content increased with increasing pH up 
to pH 5.6 and then decreased as the pH increased from 5.6 to 
6.2. The content of the adsorbed P increased with increas­
ing pH between pH 4 and 5.3 and then decreased. They con­
cluded that critical effects of pH 5.6 and 5.3 may be due to 
changes in the state of Fe and Al with changing pH.
Mackenzie (1962) making reference to Ontario soils in­
dicated from isotopic exchange studies that in most of the 
soils, Al-P was in equilibrium with water soluble P and that 
exceptions were a result of high or low pH values.
Goldsztaub, Hinin and Wey (1954) showed that maximum 
adsorption of phosphate by Na and Ca montmorilIonite and 
kaolinite occurred at pH 4 to 5 and agreed with the calcu­
lated value of edge-adsorption.
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Martinez de Paneorbo and Lucena Corde (1960) found in 
soils of Spain a very significant correlation between soil 
pH and the ratio of available to total P for different 
methods used. For soils with pHs higher than 7.0 there was 
positive correlation for all extractants except C 0 2  and 
NaHCO^, for which correlation was negative or absent.
Pratt and Shoemaker (1955) from studies on acid and 
alkali soluble P in relation to soil reaction found through 
measurement of acid and alkali soluble P after incubation, 
that liming did not alter the system from one in which 
alkali soluble P predominated to one in which acid soluble 
P predominated.
Saeki and Okamoto (1960) showed tinder acid condition 
that Al and Fe were most effective for P fixation^ In alka­
line conditions the proportion of I^O^-P in total fixed P
was less pronounced and the ratio of Ca-P was also low. The
"f"2
P fixation was always greater in the presence of Ca than
+ +2 in the presence of Na ions, presumably because Ca activa-
+ 3ted more Al ions.
Schollenberger (1920) indicated that the reaction of 
the soil appears to be without influence upon quantity and 
nature of the organic P present. However, Stelly and Pierre 
(19 42) related pH with different forms of inorganic P in the 
C horizons of some Iowa soils and they concluded that apa­
tite and rock phosphate had similar P solubility curves.
The curves for the two Al-minerals (variscite and wavellite), 
showed a minimum solubility between pH 4.5 to 6.5. The P in
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the wavellite was somewhat more soluble than in variscite. 
Dufrenite was found to have a maximum solubility range be­
tween pH 3.0 and 6.0 and considerably lower solubility at 
all pH values than the Al-phosphate minerals. Vivianite 
showed a narrow range and minimum P solubility at pH 6.0 to 
6 .5 .
Swenson, Cole and Sieling {1949) concluded that maximum 
precipitation of basic Fe-P was between pH 2.5 to 3.5 where­
as for basic Al-P it was from pH 3.5 to 4.0. This is the 
range at which ^ P O ^  predominates. This also indicates that 
the H2P04 *'*ie Phosphate ion which reacts to form chemi­
cally combined phosphate. In relation with P availability 
Carbonell et ad. (1957) have also made the same conclusion.
Fractionation data of inorganic P (Chai et al^ , 1959) 
showed that iron and aluminum phosphates were abundant in 
acid soils while calcium phosphate was abundant in alkaline 
soils. In soils having a pH near 7, all three forms of in­
organic P were about equally distributed, though slightly 
more iron and aluminum than calcium phosphate was present. 
Organic P agreed, in general, with the content of soil 
organic matter but some deviation was noted.
The capacity of the soil to "fix" P from added KH 2 PO 4  
was observed. It was found that the P fixing capacity of 
soils increased with departure from a pH near neutrality.
Phosphate fixation studies in 19 samples of different 
soil types of Punjab, India by Kanwar and Grewal (I960) 
showed that P fixation decreased with increasing pH and base
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saturation of the soils. Free R 2 O 3 was resPonsible f°r 72% 
of the P fixed in acid soils and 30% in calcareous alkaline 
soils; about 18% of the P fixed in acid soils and 70% in 
calcareous and/or alkaline soils was due to CaC03 , exchange­
able Ca and Mg. Calculation of molecular ratios of PO^/I^O^ 
indicated the formation of basic phosphates of Al and Fe, 
and low values of PO^/CaCC^ ratios (0.105 - 0.185) indicated 
that P was held by adsorption on the surface of the parti­
cles .
De (1960) in an investigation of adsorption of phos­
phate by montmorillonite and kaolinite clay at different pHs 
observed that P absorption increased with decreasing pH. 
Montmorillonite adsorbed more P than kaolinite did. Adsorp­
tion of P was accompanied by release of OH . The P adsorp­
tion was also affected by other cations, being greater with 
N H ^ , H, Na and Ca than with K. The same author (De, 1961), 
in a study of adsorption of phosphate ion by hydrogen deriv­
ative of Indian montmorillonite (Kashmir bentonite) showed 
that fixation of P may be due both to the association of 
phosphate with the mineral by physical forces (adsorption) 
and to the removal of phosphate from the solution through
difficultly soluble phosphates of Al (chemical interaction)„
+3Most of the Al tended to form Al(OH ) 3 in an alkaline 
medium, the process of adsorption was considered to be more 
prominent, while AlPO^ would be formed under other condi­
tions; this might explain the decreasing P fixation with in­
creasing alkalinity of the medium. When conditions are such
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that CO 2 building is permitted (by stoppering the flask) the 
pH was lowered and more PO^ was replaced and appeared in 
solution.
(iv) Soil Texture
In considering the solubility of phosphates which have 
been applied and become "fixed" in the soil, it should be 
remembered that particle size has an influence on solubility.
In Finland, Kaila (1962) learned that in clay soils and 
humic soils the content of organic P was associated with the 
content of acid-oxalate soluble Al, but in sandy soils no 
positive correlation was observed between organic P and the 
factors which may be responsible for stabilization of such 
organic P compounds as phytates. MacLean, Doyle and Hamlyn 
(1955) reported that in soils from New Brunswick, Bray's 
values of "adsorbed" P and adsorbed + acid soluble P were 
negatively correlated with the clay content of the soils.
In Louisiana, Byrnside and Sturgis (195 8 ) worked on 
soil phosphorus and its fractions as related to response of 
sugar cane to fertilizer phosphorus and reported that in 
soils of the Richland, Olivier, Patoutville and Baldwin 
series developed on Pleistocene terraces, the "adsorbed" 
phosphorus should be taken into account in assessing the 
level of "available" phosphorus and in determining the prob­
ability of response of the soil to fertilizer phosphorus. 
"Adsorbed" phosphorus was of less importance in estimating 
"available" phosphorus in recent alluvial soils.
Markovskii and Ponomareva (1955) made a separation of
4 8
soil particles into two groups; finer than 0 . 0 1  mm and 
coarser particles. The coarse particles adsorbed practical­
ly no from added KI^PO^ and the other group adsorbed
more orthophosphate per unit weight. The adsorption of P 
from various soil types and even from different samples of 
the same type varied considerably.
Pratt and Garber (1964) found that the higher the clay 
content, other factors being equal, the lower the NaHCO^- 
extractable P. In both the Bray-extractable P and the 
NaHCO^-extractable P an increase in clay content appears to 
decrease the efficiency of extraction of P.
Ragland and Seay (19 57) , studying the effects of ex­
changeable Ca on the retention and fixation of P by clay 
fractions in Kentucky soils, found that initially Al-
r
saturated clay retained much more of added P but fixed no 
more of it than the initially acid saturated clay. The P 
fixation by clay with "natural" base saturation decreased 
with increasing pH, whereas fixation by initially acid satu­
rated clay increased or remained unchanged with increasing 
pH. Temperature and moisture have also been found to affect 
the P behavior (Mack and Barber, 1960).
In Kanpur soils of the Indian Gangetic alluvium, Goel 
and Agarwal (I9 60) found that P content decreased with matu­
rity of soils. In general, higher P concentrations were 
found in the clay fractions but for the whole soil, maximum 
P concentration occurred in finer fractions in immature and 
submature soils and in coarser fraction in mature soils.
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It was assumed that immature soils having most of their P in
the clay fraction are better suppliers of P to crops.
Laboratory studies using equilibration technique with 
32carrier free P on different clay and loam soils showed 
that the amount of exchangeable P in various fractions of 
soil P varied with CaCO^ content of the soil. Of the total 
exchangeable P, 5.6 and 56.4% occurred in the 0.5 N I^SO^ 
fraction of the soils containing 1% and 42% CaC03 respec­
tively. Adsorption of P closely followed the Langmuir iso­
therm at solution concentrations < 25-30 yg/ml P. The
32amounts of adsorbed P equilibrated with P decreased with 
increasing CaCO^ percentage (Weir and Soper, 1962). Reten­
tion of phosphate as a counter ion, especially on muscovite
and phologopite, is suggested. Its ready exchangeability
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was confirmed by isotopic exchange studies with P 
(Srivastava, 1961).
Laboratory studies with different iron oxides, kaolin­
ite and quartz showed that P was fixed by colloidal hydrox­
ides, crystalline hydroxides and anhydrous oxides of Fe (in 
the decreasing order of magnitude), the fixation by the 
mineral occurring in acid medium in the form of f^PO^ rather 
than by exclusive replacement of the hydroxyl of Fe-oxides 
and kaolinite, and being accompanied by an increase in the 
water content of the mineral. The greater part of PO^ was 
irreversibly fixed. No P fixation occured on quartz (Henry,
1961). Differences in P solubility between soils of varying 
texture were explained by measurement of the surface area
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and the capacity of the soils for monolayer adsorption of P 
(Cole and Olsen, 1959).
Calvert et al. (1960) studied the effect of exchange­
able Ca on the retention of phosphorus by clay fractions of 
soils of the Memphis catena. The effect of Ca saturation on 
the P retaining capacity of clay fractions of five soils of 
the catena and changes in P retention and pH occurring dur­
ing storage of acid washed clays were investigated. The
32decrease in P and P remaining in solution and the increase 
in pH during the storage of clay separates initially washed 
with acid are attributed to an increase in the Al saturation 
of the exchange complex. With all soils of the catena, P 
retention generally increased with increasing Ca saturation 
of aged clays. Retention of added P by the soil was about 
equal to that of P by an aged clay separate.
(v) Phosphate Fertilization
The manurial value of the various phosphate fertilizers 
is, to a great extent, determined by the tightness with 
which their Ca-ions are bound, for this determines the solu­
bility of their phosphate ions in the soil solution. It 
should also be remembered, however, that the relative effi­
ciency of such sources is affected to some extent by such 
factors as soil aeration, soil phosphate level, rate, method 
and time of application (Davide, 1965).
Movement of phosphate through a soil profile is very 
slow in well-drained soils. But for soils which are season­
ally waterlogged, phosphate may move much more easily down
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the profile, possibly being carried away by ferrous ions 
(Glentworth and Dion, 1949; McGregor, 1953; and Cooke and 
Gasser, 1955).
Studies on laterite soils of India indicate that super­
phosphate, monocalcium phosphate, dicalcium phosphate and 
ammoniated superphosphate were almost similar in increasing 
rice yields (Datta and Mistry, 195 8 ) . However, maximum 
plant phosphorus was derived from monocalcium phosphate and 
dicalcium phosphate treatments. Waterlogged conditions sig­
nificantly reduced fixation of the applied phosphate; conse­
quently, there was higher utilization of the fertilizer by 
the rice crop. Initially calcium metaphosphate was rapidly 
fixed by soils rich in free sesquioxides and was subsequent­
ly depolymerized and hydrolyzed to the readily available 
orthophosphate form. Hydrolysis was due to either microbial 
action or the presence of inorganic catalysts such as hy­
drated MnC^ or hydrates of iron, aluminum, cobalt and nickel. 
However, there is doubt as to the initial fixation of cal­
cium metaphosphate in the soil because of its low water 
solubility (Valencia, 1962).
From 23 field experiments on lowland rice, Nelson 
(1957) could not establish any correlation between the yield 
response and the level of P applied, even on soils with very 
low contents of phosphorus. Chemical analysis of the plant 
tissues from a number of experiments showed that the phos­
phorus content was not affected by fertilization. These may 
be due to three reasons: (1 ) that the added phosphate was
fixed into forms unavailable to the plants, (2 ) that submer­
gence favored the transformation of the soil phosphorus to 
an available form and (3) that the chemical^method employed 
to assess the amount of available phosphorus was inadequate.
The mean activity of CaHPO^ is used to express P solu­
bility. Calculation of this function corrects for differ­
ences in the pH values, Ca concentrations and ionic 
strengths which are encountered when a number of soil solu­
tions are compared. The P solubility expressed as the mean 
activity of CaHPO^ in equilibrium solutions increases with 
the amounts of P adsorbed in the monolayer region on the 
surface of the materials likely to be present in the calcar­
eous soils. Values of the mean activity increase as a 
direct function of the amount of P added as concentrated 
super (Cole and Olsen, 1959b).
The fate of soluble phosphates applied to soils was 
studied by Chang and Chu (1961). In six soils of pH 5.3 to
7.5 kept at field moisture capacity for 3 days, added solu­
ble P was fixed mainly as Al-phosphate followed by Fe- and 
Ca-phosphates. After keeping under the same conditions for 
100 days the amount of Fe-phosphate increased and that of 
Al- and Ca-phosphates decreased. In two latosols there was 
more Fe-phosphate than Al-phosphate. Under flooding for 100 
days, Fe-phosphate became dormant in all six soils. Super­
phosphate applied to the soil over 31 years was retained 
mostly as Fe-phosphate with Al-phosphate next and Ca-phos- 
phate least. Liming did not affect this pattern. The first
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stage of fixation of added soluble P probably occurs on the 
surface of the solid phases with which the P comes in con­
tact and the relative amounts and kinds of phosphates formed 
depend on the specific area of the solid phases associated 
with Al, Fe and Ca. In time the Al- and Ca-phosphates grad­
ually change to the less soluble Fe-phosphates, the rate of 
transformation increasing with the moisture content of the 
soil.
The P sorption of five soils from a ^ 2 ^ 0  ^ and K^ P O ^  
buffer (pH 6 .8 ) was determined in the laboratory on untreat­
ed samples and after removal of Ca (by treatment with N/100 
HCl and N/10 KC1) and active Fe (by extraction with ammonium 
acetate) respectively. About 40 to 60% of the fixed P was 
in organic form, while the rest was fixed almost entirely by 
Fe; little P was fixed by Ca and none by Al. Most of the 
fixation of soluble phosphate occurred within five days, 
mainly on the first day. Heavy phosphate fixation on the 
soil may be decreased by placement and by using physiologi­
cally alkaline or silicate rich fertilizers such as basic 
slag or calcined phosphates (Doring et al., 1961).
Different fertilizers, ranging in phosphate solubility
from 0-100% were compared on soils ranging in pH from 5,4 to
/
7.9 by Webb et al. (1961). Soil reaction "was the most im­
portant single factor influencing the effectiveness of phos-
\
phate sources. Generally the degree of phosphate solubility 
assumed most importance in the calcareous soils while place­
ment effects were of greatest significance on the acid soils.
In three out of five experiments located on the calcareous 
soils there was a definite increase in yields with increas­
ing water solubility of the sources. Drilling the fertili­
zer with the seed was significantly superior to broadcasting 
in the three experiments on acid soils, P sources differed 
only slightly in effectiveness on these soils.
Coefficient of P uptake using tracer method were equal 
to or smaller than coefficients obtained by the difference 
method. When phosphate was thoroughly mixed with the soil 
(N was also applied) F/T values (ratio of fertilizer P to 
total P in plants) and F/S values (ratio of fertilizer P to 
soil derived P) showed very small variation on soil rich in 
available P, but both values increased greatly on soil low 
in P. When phosphate fertilizers were band applied, these 
values increased greatly on both soils (Okuda and Kawasaki, 
1962) .
Gasser (1962) observed that on soils containing ex­
changeable Al, water soluble phosphate was more effective 
than basic slag. Valencia (1962) found that additions of 
various forms of phosphate resulted in their conversion to 
AlPO^ and FePO^. This study and others have shown that all 
soluble forms of PO^ undergo similar reactions in the soil.
F. Soil Phosphorus Fractionation
One approach to the problem of elucidating the nature 
of various compounds or adsorption complexes of phosphate 
that may be present in soils is through a scheme of
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fractionation of various forms of P based on the selective 
solubilizing effects of different extracting reagents.
Soil phosphorus received very little attention in the 
United States until the turn of the century. Fraps (1906) 
differentiated between the forms of phosphorus present, in 
calcareous soils and siliceous soils. His fractionation .of 
soil phosphorus through the solubility of phosphate minerals 
in dilute acids, showed that freshly precipitated phosphates 
of calcium, aluminum, and iron, as well as the minerals apa­
tite, vivianite, and triplite, were dissolved in 0.2 N 
nitric or hydrochloric acids, while wavellite and dufrenite 
were only slowly soluble in these media. Stoddart (1909) 
showed that the phosphorus in wavellite and dufrenite was 
soluble in sodium hydroxide.
Fisher and Thomas (19 35) classified the soil inorganic 
phosphates into three important groups: (1 ) amorphous and
finely divided crystalline phosphates of calcium, magnesium, 
and manganese, (2 ) amorphous phosphates of iron and aluminum, 
and (3) phosphorus adsorbed on hydrous oxides or present as 
apatite. Williams (1950.) reported the sodium hydroxide- 
soluble phosphorus to be approximately constant in acid 
soils whose exchangeable, calcium had been previously leached, 
but found this fraction to vary considerably in soils con­
taining free calcium carbonate.
One of the earliest workers to undertake a complete and 
systematic fractionation of soil phosphorus was Dean (19 38) 
who classified soil phosphates into (1 ) organic compounds
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soluble in sodium hydroxide, (2 ) inorganic compounds ex­
tracted by sodium hydroxide followed by an acid, and (3) in­
soluble compounds. Ghani (1943a) applied a modification of 
Dean's procedure in his soil phosphorus fractionation, ex­
tracting first with 0 . 2  N acetic acid, then repeatedly with
0.25 N sodium hydroxide, and finally with 2.0 N sulfuric 
acid. Through this procedure he obtained the following five 
fractions:
(1) Acetic acid-soluble phosphorus, con­
sisting of mono-, di-, and tricalcium 
phosphates.
(2) Alkali-soluble inorganic phosphorus, 
consisting of iron and aluminum phos­
phates .
— --^3) Alkali-soluble organic phosphorus.
(4) Sulfuric acid-soluble phosphorus of 
the apatite type.
(5) Insoluble phosphorus.
Using this procedure on a number of Indian soils, Ghani 
(1943b) found the insoluble phosphorus in the surface hori­
zons to average about 25% of the mean total phosphorus.
Modifications of this procedure by Ghani (19 43c) and 
Williams (1950) provided a more discrete separation of the 
acid-soluble and the alkali-soluble inorganic phosphorus in 
soils. Investigations by Dickman and DeTurk (1938), Dickman 
and Bray (1938, 1940, 1941), Kurtz (1942), and Bray and 
Kurtz (19 45) contributed further to the fractionation and
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determination of soil phosphorus. All the above mentioned 
authors provided for extraction of the calcium compounds 
with an acid reagent and for extraction of other forms with 
hydroxide or fluoride solutions.
Insoluble fraction of soil phosphorus resisted frac­
tionation in all these investigations, as shown by Allaway 
and Rhoades (1951) who applied the methods of Bray and Kurtz 
(19 45) for fractionating phosphorus in a number of Nebraska 
soils. Moreover, there was no clear distinction between the 
iron and aluminum phosphates in fractionation procedures 
until Turner and Rice (1954) demonstrated that neutral ammo­
nium fluoride dissolved aluminum phosphate but not iron 
phosphate.
Several workers attempted to determine the nature of 
the insoluble fraction of soil phosphorus. Perkins and King 
(1943) reported that while titanium minerals adsorbed phos­
phorus, the amount would be of little significance in most 
soils which confirmed the findings of Dean (193 8 ) who con­
cluded that the insoluble phosphorus was of primary origin, 
and suggested that it was held as inclusions within primary 
minerals or as ion substitutions within the crystal lattice. 
The latter possibility was supported by the work of Marshall 
(1935) and McConnell (193 7) who reported that phosphorus 
could occur in clay mineral lattice positions normally 
occupied by silicon.
The nature of reductant-soluble phosphorus in soils was 
studied by Bauwin and Tyner (195 7b) to determine if solution
of the nonextractable phosphorus could be achieved with iron 
reduction procedures. The term 11 nonextractable phosphorus” 
was used in meaning, "quite similar to the phosphorus previ­
ously included in the insoluble fraction by Dean (1938),
Bray and Kurtz (1945), Ghani (1943), and Williams (1950)". 
Bauwin and Tyner (1957b) combined the iron oxide reduction 
procedure of Deb (1950) with the fractionation procedure of 
Bray and Kurtz (19 45) to achieve solution of the total phos­
phorus in selected Illinois soils.
A procedure for complete fractionation of soil phos­
phorus into five discrete chemical forms: (1 ) calcium phos­
phates, (2) aluminum phosphates, (3) iron phosphates, (4) 
reductant-soluble (iron oxide-coated) phosphates, and (5) 
occluded iron-aluminum phosphates was reported by Chang and 
Jackson (1957a). The selective solubility of soil phosphates 
in various extractants in this method was the same as in 
previous procedures. However, an essentially complete frac­
tionation of the tptal phosphorus in the soils and other 
materials was claimed by the authors. While the procedure 
of Chang and Jackson (1957a) had many similarities to frac­
tionation methods already mentioned, it differed'"”from previ­
ous methods in three respects: (1 ) the extraction of
reductant-soluble iron phosphate was based on the method re­
ported by Aguilera and Jackson (1953) for removal of iron 
oxide from soils and clays, (2 ) occluded (iron oxide-coated) 
iron-aluminum phosphates were differentiated from other 
forms, and (3) the sequence of the extractions provided five
discrete chemical forms of soil phosphorus.
Tyner and Davide (1962) discussing some criteria for 
evaluating soil phosphorus tests for lowland rice soils con­
cluded that there appears to be no consistent relationship 
between the surface sorbed Fe-P and reductant soluble-P for 
the soils studied. This basic fact points out the dilemma 
which might confront workers who attempt to adopt and apply 
present soil test methods over wide areas if reductant- 
soluble P should be found significant as a phosphorus source 
in deoxygenated environments. This may be determined by the 
extent to which occluded phosphorus is associated with crys­
talline and amorphous hydrous iron oxides.
It should be kept in mind that the fractionation proce­
dure of Chang and Jackson (1957a) does not effect a clear cut 
separation of phosphorus forms. The presence of occluded 
Al- and Fe-P following reductant-soluble P extraction in 
substantial quantities for some soils is puzzling. In spite 
of its shortcomings the modified Chang and Jackson procedure 
can be quite useful in studying such questions as fate of 
applied phosphate, etc.
Modifications in Chang and Jackson's procedure (1957a) 
for fractionating soil phosphorus were suggested by Khin and 
Leeper (1960). The forms of phosphate present in a few 
Australian soils were distinguished k?y the authors according 
to Chang and Jackson method. While the procedure may be re­
fined according to the suggestions made, some ambiguity will 
still remain in the distinction between AlPO^ and FePO^ and
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between calcium phosphates and resistant FePO^. The H 2 S0 4  
which prevents adsorption of phosphorus is also acidic 
enough to cause solution and this is what happens. The acid 
acts on the soil to dissolve much iron which would, other­
wise, have been dissolved subsequently by the citrate- 
dithionite reagent; the acid thus liberates additional 
phosphates which probably belongs to the resistant FePO^ 
(reductant-solUble). ' K^SO^ is a more powerful solvent for 
ferric oxide than are the stronger acids HC1 and HCIO^.
This difficulty should be expected, since there should be a 
continuous range of ferric phosphates from tfre most labile 
to the most resistant. The vigor of the shaking machine 
which is used for extractions is bound to affect such 
figures as these.
The effect of extraction time and soil/extractant ratio 
pn the release of soil P by 0.5 M NH^F at pH 7.0 and 8.5 was 
investigated for three soils by Fife (1962). It was observ­
ed that the efficiency of P extraction increased with dilu­
tion more markedly in the neutral than in the alkaline 
reductant. In the alkaline reagent adsorption of P by free 
Fe 2 C>2 of the soils was not influenced by an extraction time 
of 24-72 hours but a linear increase in P release occurred 
over this period and w a s ^ s c r i b e d  to slow hydrolysis of 
original Fe-bound P. The P release curve was extrapolated 
for zero time and the value after correction to an adsorp­
tion-free basis was taken as a measure of Al-bound P content 
For routine purposes a sufficiently accurate evaluation of
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Al-bound P content should be attainable by direct extraction 
with alkaline reagent at high dilution. The initial value 
of the extractant should be such that the final value of pH
8.5 is attained in the suspension. Chang et al. (1962) on 
the other hand, opined that Al-phosphate was more discretely 
separated from Fe-phosphate extracting 1 gm of soil with 50 
ml of neutral 0.5 N NH^F solution for one hour than by ex­
tracting- with alkaline solutions for a longer period.
Askinazi et al. (1963) recommended, that for selective 
extraction of Al-phosphate from soils, 0.5 N NH^F of pH 8.5 
was best. Under the conditions, extraction of Fe- and Ca- 
phosphates was minimal. Phosphates that are more mobile 
(neutral phosphates of Al arid Ca) can be extracted by 0.1 N 
NH^F of pH 5.5-6.0. Increasing the duration of extraction 
of soils with 0.5 N NH^F from 1 to 41 hours increased ex­
traction of P ffom Fe-phosphates and increasing to 16 hours 
was not advisable; interference by F in colorimetric deter­
mination of P was prevented by adding a 50% solution of 
A^tSC^)^ to the extract instead of boric acid. Reductant 
soluble and occluded phosphates of Fe and Al constituted 15 
to 20% of the total P in ferruginized bottom land soil and 
occurred in smaller amounts in other soils. The chief forms 
of P (phosphates of Al, Fe and Ca) in soils can be deter­
mined by a shortened form of Jackson's method, i.e., by con­
secutive extraction with the first three solvents, 0,5 N 
NH 4 F, 0.1 N NaOH and 0.5 N H 2 S04.
An evaluation of NH4F as a selective extractant for
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Al-P was made by Fife (1963) with a sandy loam soil. He 
found that the efficiency of phosphorus extraction by 0.5 N 
NH^F increased as the soil:extractant rates widened from 
1:50 to 1:20, but further increase in the efficiency of ex­
traction at greater dilution was not noted in the 24-64
hours of extraction. High recovery of an added known amount 
32 32of P or P orthophosphate in the alkaline fluoride ex­
tracts following equilibrium at the wider soil:extractant 
ratios indicated low retention of P by the free iron-oxide 
component of the soil. Extension of extraction time from 24 
to 6 4 hours had no effect <?n this retention and liberated no 
more phosphate from the soil, signifying that dissolution of 
Al-bound P was complete in 24 hours and that original Fe- 
bound P was not undergoing progressive hydrolysis. The P- 
release value obtained by 24 hour extraction at the wider 
soil:extractant ratios was a satisfactory measure of the Al- 
bound P content of the soil, With a friable clay, treatment 
with 0.5 N NH^Ql had some effect on the amount of P subse­
quently extracted by 0.5 N NH^F at pH 8.5. The effect was 
unconnected with the removal of divalent exchangeable 
cations.
Latest work on the distinction between iron and alumi­
num phosphate in Chang and Jackson's procedure for fraction­
ating inorganic soil phosphorus was feported by Smith (1965) 
who recommends that for accurate distinction between Al- 
phosphate (soluble in 0.5 N NH^F) and Fe-phosphate (soluble 
in 0.1 N NaOH but partly also in NH^F), a separate
correction factor has to be calculated for each level of 
standard phosphate added to the NH^F extractant. The pre­
existing distribution of phosphate between soil and NH^F 
solution can be calculated from plotting P recoveries from 
series of additions against concentrations of added phos­
phate. Phosphate in the extract was estimated colorimetri 
c&lly using a molybdenum blue color with ascorbic acid as 
the reducing agent.
MATERIALS AND METHODS
A. Soils
Twenty Louisiana soils were used in this investigation. 
All the soil samples were taken from the plow layer of cul­
tivated fields. Information on the cropping systems in the 
fields from Which the samples were taken are given in Table 
1. Soil Nos. 12, 13, 14 and 15 were sampled from a field 
experiment of Perkins Road Experimental Farm designed to 
study the effects of dolomitic limestone and fertilizers on 
the yield of cotton and corn in annual rotation. A dose of 
3000 lb/acre of limestone was applied in 1946 to half of the 
main plots of the experiment laid out with split plot design 
over which 8-0-8 and 8 - 8 - 8  N,P and K fertilizer treatments 
were superimposed. After sampling, the soils were air dried, 
mixed and passed through a 35 mesh sieve. The soil proper­
ties- pertinent to the investigation are shown in Table 2.
A Crowley silt loam soil profile was obtained from 
Acadia Parish. In this case soil was sampled from Q"-3", 
3"-9"> 9"-18" depths of A horizon and 18"-24" and 24"-30" 
depths of B horizon.
(i) Brief Descriptions of the Soils
A brief description on various soil series used in the 
experiment is given below. Most of the information has been
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Table 1
Soils and Cropping Systems of the Fields from where the Samples were Collected
No. Soil Parish Crop Cropping System Previous History
1 Baldwin S t . Mary Sugar cane Sugar cane-summer fallow Unknown
2 Calhoun Franklin Cotton In cotton-several years 40-60# P 2 O5  per year
3 Commerce Tensas Cotton Continuous cotton No P added
4 Crowley # 1 Acadia Rice Rice-fallow Occasional application of P
5 Crowley # 2 Acadia Rice Rice-rye grass Unknown
6 Cypremort St. Mary Sugar cane Sugar cane-summer fallow Unknown
7 Hebert Ouachita Cotton In cotton-3 years Limed 5 years before. Re­
ceived @ 200# triple Su­
per each year for 3 years 
+ Nitrate of Soda Potash
8 Mhoon Tensas Cotton Cotton-soybean No P added
9 Midland # 1 Acadia Rice Ri ce -p as tu re Occasional application of P
1 0 Midland # 2 Acadia Grass Grass Unknown
1 1 Miller Red River Cotton In cotton- 8 years No P added
1 2 Olivier E.Baton Rouge Cotton Cotton-com )
(8 - 0 - 8 ) in alternate years ) Limed in 1946 with 3000#/
13 Olivier E.Baton Rouge Cotton Cotton-corn ) acre dolomitic limestone.
(8-0-8+L) in alternate years ) Fertilizer mixtures (NPK)
14 Olivier
(8-84-8)
E.Baton Rouge Cotton Cotton-com ) 
in alternate years )
were applied annually @ 
0,24 and 48#/acre for each
15 Olivier E.Baton Rouge Cotton Cotton-com ) nutrient
(8 - 8 - 8 +L) in alternate years )
16 Olivier Franklin Cotton In cotton-several years 40-60# P 2 O 5 Pe ^ year
17 Perry Ouachita Virgin
soil
Cleared spring 1965 Floods in winter. No fer­
tilizer or lime added
18 Pulaski Ouachita Cotton Pasture- 6  years 
cotton- 6  years
100# of triple Super + 100# 
of Muriate of Potash + 70# 
N as anhydrous ammonia
19 Sharkey Tensas Cotton Cotton-soybean No P added
2 0 Yahola Red River Cotton In cotton- 8  years No P added
Table 2
Some Chemical and Physical Properties of the Soils Investigated
No. Name Sand
%
Silt
%
Clay
%
Texture O rg. Matter
%
% Moisture 
A.D. Soil 1/3 atm.
pH
1 Baldwin 3.20 43.80 53.00 Silty clay 4.623 7.80 39.10 5.1
2 Calhoun 8.25 78.00 13.75 Silt loam 0.916 1.92 28.63 6 . 0
3 Commerce 34.50 53.70 1 1 . 80 Silt loam 0.736 1.58 13.62 6.3
4 Crowley #1 8.75 75.00 16 .25 Silt loam 1.483 1.96 25 .07 6 .9
5 Crowley #2 13.75 67.50 18.75 Silt loam 2 .347 2.96 30 .72 5 .1
6 Cypremort 13.75 52.50 33.75 Silty clay 
loam
1.538 2 . 6 6 19.91 5 .2
7 Hebert 22.25 68.50 9.25 Silt loam 0.798 0.95 16 .56 6 . 0
8 Mhoon 6 .70 59 „ 80 33.50 Silty clay 
loam
1.640 3.78 29.30 6.3
9 Midland #1 8.75 70.00 21.25 Silt loam 1.657 2 .19 28.88 5.8
1 0 Midland #2 21.25 47.50 31.25 Clay loam 1.958 3.36 26 .78 5 .4
1 1 Miller 3.20 48.30 48.50 Silty clay 2.219 5 .17 29.13 7.6
1 2 Olivier 
(8 -0 - 8 )
8 . 0 0 80 . 0 0 1 2 . 0 0 Silt 0.963 1.05 23.64 5.1
13 Olivier
(8-0-8+L)
7.75 83.00 9 .25 Silt 0 .856 0 . 8 8 19.65 5 .5
14 Olivier
(8 - 8 - 8 )
7.00 83.25 9.75 Silt 1.089 1 . 2 1 24.29 5.0
15 Olivier 
(8 - 8 - 8 +L)
6 .50 83.00 10 .50 Silt 1.068 1.05 20 .97 5.5
16 Olivier 10.25 78.00 11.75 Silt loam 1 . 0 2 0 1.29 26 .85 6 . 1
17 Perry 6 . 0 0 33.75 60.25 Clay 5.932 7 .76 49 .38 4.8
18 Pulaski 18.50 73.00 8.50 Silt loam 1.097 0.90 15.36 5.4
19 Sharkey 2 .80 50 .90 46 .30 Silty clay 2.124 5 .96 33.07 6 . 0
2 0 Yahola 53.20 38.00 8.80 Sandy loam 0.832 1.04 7.32 7.6
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drawn from a compilation on "General soil areas and associ­
ated soil series groups of Louisiana" (Lytle and Sturgis,
1962) .
1. RECENT ALLUVIUM
(a) Baldwin and Cypremort
These soils have developed from Mississippi River allu­
vium. Soil horizons of these soils are well marked.
Cypremort soils occur from gently sloping levee ridges to 
almost level land and have brown silt loam surface soils and 
brown mottled silty clay loam subsoils, Baldwin soils occur 
on level areas and have very dark grayish brown silt loam 
and silty clay loam surface soils and dark gray mottled yel­
lowish brown silty clay or clay subsoils. Surface soils of 
both Baldwin and Cypremort are slightly acid.
(b) Commerce and Mhoon
These Mississippi River alluvial soils are well-drained 
and occupy the natural levee ridges. Commerce soil is in 
level and gently sloping areas and is brown, grayish brown 
or yellowish brown silt loam and very fine sandy loam.
Mhoon soils occur in level, areas and have grayish brown silt 
loam and silty clay loam surface soils. Both soils are 
slightly acid to neutral with moderate amounts of organic 
matter and moderate to high amounts of mineral plant nutri­
ents.
(c) Sharkey
These soils occur in level areas and have dark gray or 
dark grayish brown clays as surface soil and gray clays as
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subsoil. The Sharkey soils are neutral to alkaline in re­
action with moderate to high amounts of organic matter and 
high amounts of mineral plant nutrients.
(d) Yahola, Miller and Perry
The reddish brown Miller and Yahola soils occupying the 
level areas along natural levee ridges belong to Recent al­
luvium of the Red River. Yahola soils have very fine sandy 
loams while Millers have clay and silty clay surface soils. 
These soils contain moderate amounts of organic matter and 
high amounts of mineral plant nutrients. The gray or dark 
gray Perry soils occur in backswamps at elevations below 
Yahola and Miller soils. These have gray mottled red clay 
subsoils.
(e) Pulaski
This soil is mostly in an area of mixed older alluvium 
of Ouachita, Arkansas and Mississippi Rivers. Pulaski soils
occupy level and gently sloping natural levee ridges with
reddish brown sandy loam surface soils. The soils are 
medium to slightly acid in reaction.
(f) Hebert
These soils belong to mixed alluvium of Mississippi and 
Red Rivers with brown or grayish brown fine sandy loam sur­
face soils which are medium to strongly acid. The soils 
contain moderate amounts of organic matter and moderate to 
high amounts of mineral plant nutrients.
2. MISSISSIPPI TERRACE 
(a) Olivier and Calhoun
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These soils are in nearly level and level areas occupy­
ing terrace soils of Macon Ridge, Bastrop Ridge, Opelousas 
Ridge and the terraces of East Baton Rouge and Ascension 
Parishes. Olivier soils have gray brown silty loam surface 
soils and yellowish brown mottled gray silty clay loam sub­
soils over fragipans. Calhoun soils have gray silt loam 
surface soils loam or silty clay loam subsoils over 
fragipans. These soils are low in organic matter and plant 
nutrients and medium to strongly acid.
3. COASTAL PRAIRIES 
(a) Crowley and Midland
These soils are in level and nearly level areas. Crow­
ley soils have grayish brown silt loam surface soils with 
gray mottled red silty clay subsoil. Midland soils have 
dark gray silty clay surface soils with clay or silty clay 
subsoils. Both are medium to slightly acid in reaction.
These soils contain moderate amounts of organic matter and 
plant nutrients except phosphorus which is low.
B. Technique of Incubating Soil Samples
One to fifty grams of soil samples were used in this 
study as described under individual experiments. For large 
samples serum bottles and for small samples test tubes or 
culture tubes were used. For experiments requiring large 
samples specified quantities of soil and water were put into 
8 oz serum bottles that were coated on the inside with des- 
icote. The bottles were stoppered with serum caps and
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sealed with rubber cement. The serum cap was punctured with 
a hypodermic needle and a vacuum was applied to the serum 
bottles with a vacuum pump. A supply of oxygen-free argon 
was connected to the system by means of a 3-way valve.
After a vacuum had been created within the serum bottles the 
pump was closed off from the system and argon was allowed to 
flow into the bottles until atmospheric pressure was obtain­
ed. The procedure was repeated several times, the result 
being the removal of entrapped air bubbles from the soil and 
replacement of air in the bottles with argon at a final 
pressure of approximately 560 mm mercury.
Exactly the same procedure was followed in evacuating 
the atmosphere from the desiccator containing small (one to 
five grams) soil samples in the culture tubes or test tubes.
A supply of oxygen or argon and a vacuum pump were connected 
to the tubulature of the external sleeve of S stopcock of 
the desiccator by means of a 3-way valve. After vacuum had 
been created in the desiccator the vacuum pump was cut off 
and argon or oxygen was allowed to flow into the bottles 
until atmospheric pressure was obtained. The process was 
repeated several times. Finally a pressure of approximately 
560 mm mercury was maintained. Then the external 9? sleeve 
of the stopcock was rotated by 90° angle or more to cut off 
the connection to external atmosphere.
The serum bottles and the desiccators containing exper­
imental soil samples were then incubated at 35°C in an oven 
for a period specified under individual experiment.
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C. Determination of Inorganic Phosphate Fractions in 
Various Louisiana Soils
Air dry one gm samples of twenty soils as described in 
Table 1 were used for fractionation of inorganic P into (1) 
water soluble and loosely bound-P, (2) aluminum phosphate,
(3) iron phosphate, (4) calcium phosphate, (5) reductant 
soluble iron phosphate, (6 ) occluded aluminum phosphate and 
(7) occluded iron phosphate. Inorganic P from soil samples 
of various horizons of Crowley silt loam was also fraction­
ated into above mentioned fractions as outlined by Chang and 
Jackson (1957a).
D. Effect of Waterlogging on Transformation of Native and 
Added Phosphates
(i) Native Phosphates
All the twenty soils were waterlogged in 1:1 ratio of 
soil to water in small culture tubes (10 x 75 mm) and main*- 
tained under anaerobic condition (under argon) for 60 days 
to determine the effect of waterlogging on the transforma­
tion of phosphorus in soil. One gram soil samples were 
weighed into small culture -tubes and were submerged with 
0 .2% glucose solution to insure adequate energy source for 
all soils since they differed in organic matter content. The 
soils were allowed to be saturated for 24 hours and they 
were kept inside a desiccator having an external sleeve type 
8? stopcock with a connecting tubulature. The inside air of 
the desiccator was evacuated and argon was replaced. The
72
desiccator was finally left under partial vacuum to allow 
for the methane, C0 2 and other gases that are formed during 
the period of incubation. The desiccator containing samples 
was incubated at 35°C for 60 days. After the period of in­
cubation the soil from the small culture tube was trans­
ferred to 1 0 0  ml centrifuge tube and the samples were 
analyzed for P fractions by the method of Chang and Jackson 
(1957a).
(ii) Effect of Added Phosphates on Inorganic P Fractions
Midland #1, Olivier (8-0-8), Crowley #1 and Sharkey 
soils received 200 ppm-P as aluminum phosphate and ferric 
phosphate and 400 ppm-P as monocalcium phosphate. For this 
purpose aluminum and ferric phosphates were synthesized.
Aluminum phosphate was precipitated by digestion of 30 
ml of M hydrous A1C13 (A1C13 *6H2 0, M.W. 241.45) with 90 ml 
of M NaH 2 P0^*H20 (F.W. 137.998) in a total volume of 600 ml 
of solution on a water bath at 80°C overnight having a sug­
gested formula of A1P0^*2H20 and containing 20.10% P as 
determined by actual laboratory analysis of duplicate 
samples.
Ferric phosphate was precipitated by digestion of 10 ml 
of M FeCl3 with 30 ml of M NaH2 PC>4 *H20 in a total volume of 
600 ml of solution on a water bath at 80°C for two days hav­
ing a suggested formula of FeP04 *2H20 and containing 16.92%
P as determined by actual laboratory analysis of duplicate 
samples„
After the specified period of digestion the suspension
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of aluminum phosphate and ferric phosphate was stirred and 
precipitates were thrown down by centrifugation and'washed 
with water until free of chloride (as indicated by AgNO^ 
test) and finally with acetone. The compositions are 
A 1 P0 4 *2 H 2 0  or A 1 (0 H) 2 H 2 P0 4 for synthesized aluminum phos­
phate and FeP0 ^*2 H 2 0  or Fe(OH)2 H 2 PO^ for synthesized iron 
phosphate.
Reagent grade Ca(H2 PO^) 2 *H20 (F.W. 252.078) was used in 
this experiment. The quantities of phosphorus compounds 
added to the soil are given in Table 3.
- Table 3
Information on P-Compounds Used in the Investigation
Phosphate
Compound
Formula % P Rate of 
Application 
in ppm
Quantity of 
Compound 
Added/20 gm 
Soil
Aluminum
Phosphate
A1P0 4 *2H20 or 
Al(OH)2H2P04
2 0 . 1 0 2 0 0 19.90 mgm.
Iron
Phosphate
FeP0 4 *2 H 2 0  or 
Fe(OH) 2 H 2 PQ 4
16.92 2 0 0 23.64 mgm.
Monocalcium
Phosphate
C a «H2P04)2 ,H2°
24.574 400 32.55 mgm.
The 20 gm of air dry soil sample (passed through 100 
mesh sieve) was weighed into a mortar, to which required 
quantity of P-compound weighed by a microbalance was added
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and both were mixed thoroughly in the mortar with the help 
of pestle. Then the mixture was transferred into 500 ml 
conical flask and was shaken at high speed (above 250 oscil- 
lations/min) in a shaking machine for 6 hours to insure com­
plete mixture of phosphorus compound with the soil. The 
mixture was left in the flask for three days and then one gm 
samples were weighed out into culture tubes (10 * 75 mm) to 
be incubated at 35°C for two months under aerobic and anaer­
obic conditions.
To the samples maintained under aepobic condition water 
was added drop-wise to bring the moisture level of 1/3 atm. 
tension and kept under oxygen in a desiccator. Fifty ml of 
1% KOH was added at the bottom of the desiccator to maintain 
humidity and to absorb CO^ produced.
The anaerobic samples received 100% water and were kept
under argon in a desiccator. One hundred ml of alkaline 
pyrogallcl solution was kept in the beaker inside the desic­
cator in order to absorb and CO 2 .
After the period of incubation, phosphate in the soils 
was fractionated according to the procedure of Chang and 
Jackson (1957a).
(iii) Equilibrium Soil Solution Phosphates and Water 
Soluble Ca+ ^ , Fe+ ^ , Fe+  ^ and Al+  ^Ions
Fifty gram samples of each soil were weighed in dupli­
cate into 8 oz bottles which were coated with Beckman 
Desicote. One set received enough water to bring the soils 
to their respective moisture contents at 1/3 atm. tension
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and the bottles were set in a tray containing enough water 
at the bottom to maintain humidity and not to allow the 
soils to dry down. The whole tray with the bottles was 
covered with aluminum foil which was frequently opened to 
permit air exchange. The mouths of the bottles were kept 
open. The whole tray was kept in the incubator at 35°C and 
samples were incubated for two months. To the other set 100 
ml of water was added to waterlog the soils. The bottles 
containing submerged soils were filled with special rubber 
stoppers with serum caps so that the atmosphere could be re­
placed with argon. The bottles were incubated for two 
months at 35°C and were periodically shaken by hand.
After the period of incubation the well-drained aerobic 
samples were made up to the same moisture level as water­
logged samples and were shaken for half an hour. The pH of 
the soil suspension was determined using a combination glass 
and reference electrode• In case of waterlogged samples the 
soil solution was separated from the soil with a minimum of
-3
air contamination by filtration and the analyses of pH, PO^ ,
I  o  i  * 3  i  * 3  i_  o
Fe , Fe , Al , and Ca were made on the solutions.
(iv) Effect of Soil pH on Transformation of Added Phos­
phates in Flooded Condition 
In this experiment Crowley silt loam soil to which 200 
ppm P as F e P O ^ ^ ^ O  and A l P O ^ ^ ^ O  were added [vide Section 
D (ii)] were waterlogged in 1:1 ratio of soil to water and 
incubated at 35°C at five pH levels, ranging approximately 
from 4 to approximately 9 for one month, at which time the
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transformation of iron and aluminum phosphates was measured. 
Approximately 8 pH levels were set in order to obtain 5 in 
the region desired for the study. To Crowley silt loam (1 
gm samples), 2, 4, 6 , 8 drops of 0.2 N HC1 and 5, 10, 15 and 
20 drops of 0.2 N NaOH were added in addition to 1 ml of 
water. Soil samples without addition of HC1 and NaOH were 
also incubated with others to serve as control. The soils 
were incubated under anaerobic condition in a tube large 
enough for the combined glass-calomel electrode to be in­
serted. The pH was measured at the end of the incubation 
period by means of a combination glass reference electrode.
At the end of the incubation period the phosphate was frac­
tionated by the method of Chang and Jackson (1957a).
(v) Selectivity of Extractant for Iron Phosphate and 
Aluminum Phosphate Added to the Soil 
In this experiment four soils, Crowley #1 silt loam, 
Midland #1 silt loam, Olivier (8-0-8) silt and Sharkey silty 
Clay to which 200 ppm P was added as A1P0^*2H20 and 
FeP0 4 *2H20 [vide Section D (ii)] were used along with their 
respective air dry samples to which no phosphate was added.
In addition, synthesized A1P0^*2H20 and FeP0^*2H20 were also 
used without soil as separate treatments. The treatments 
were analyzed for (1) water soluble and loosely bound P, (2) 
aluminum phosphate and (3) iron phosphate according to the 
method of Chang and Jackson (1957a) in order to determine 
the selectivity of the extractants.
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E . Studies on Extractable Phosphorus
(i) Extractable Phosphorus Changes in Waterlogged Soils
One gm soil samples of the twenty soils were water­
logged with 1 ml of water and incubated for 55 days at 35°C 
under anaerobic condition. After the period of incubation 
the soil samples were transferred to a conical flask, shaken 
for 15 minutes with 20 ml of Bray No. 2 extractant, filtered 
and the extract analyzed for P by the method of Dickman and 
Bray (1940). Air dry samples of the same twenty soils were 
simultaneously run for extractable P for the purpose of com­
parison and calculation of % increase in extractable P due 
to waterlogging.
(ii) Effect of Successive Extraction with Bray No. 2 
Extractant under Well-drained and Waterlogged 
Conditions
For this purpose duplicate sets of the twenty soils 
were incubated at 35°C under waterlogged and well-drained 
conditions for 75 days. At the end of the incubation period 
the soil samples were transferred from the small culture 
tubes to 1 0 0  ml centrifuge tubes with the help of 2 0  ml of 
Bray No. 2 extractant. The tubes were shaken for one minute 
on a vortex mixer and then for 15 minutes on a shaking m a ­
chine. The suspension was centrifuged for 5 minutes and 
supernatant extract collected. Four successive extractions 
of each soil were made and the extracts analyzed by the 
method of Dickman and Bray (19 40).
78
(iii) Effect of Added NO^-N on Extractable P
This experiment was designed to study the effect of 
added NO^-N on extractable P under various aeration condi­
tions. One thousand ppm of NO^-N was prepared by dissolving 
6.0679 gm of NaNO^/liter. Five gm soil samples of all 20 
soils were weighed into test tubes. Five milliliter•of 1000 
ppm NO^-N was added to one set and incubated under anaerobic 
condition. To the second set, only 5 ml of 1^0 was added 
and incubated under anaerobic condition. To the third set 
only enough water was added to bring the moisture level to 
1/3 atm. tension and incubated under 100% 0^. All the sets 
were incubated in desiccators to the bottoms of which water 
was added to maintain humidity. At the end of the incuba­
tion period the samples from all the three sets were ana­
lyzed for extractable P.
(iv) Effect of Addition of Iron Phosphate, Aluminum Phos­
phate and Monocalcium Phosphate on Extractable P under 
Waterlogged and Well-drained Conditions
This experiment was designed to measure the extractable 
phosphate in four soils, Crowley silt loam, Sharkey silty 
clay, Midland silt loam and Olivier silt which had received 
three sources of phosphate, AlPO^^I^O, FePO^^K^O and 
Ca(I^PO^) 2 *H2° Section D (ii) ] and had been maintained
under waterlogged and well-drained (1/3 atm. tension) condi­
tions for 55 days at 35°C. At the end of the incubation 
period soils were extracted for 15 minutes with Bray No. 2 
extractant and the P content determined.
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F. Analytical Methods
(i) Particle Size Distribution Analysis
The method of analysis was the hydrometer method pro­
posed by Day (1956) with modifications (Patrick, 1958) .
Forty gm samples were weighed out in 600 ml beakers. One 
hundred ml of distilled water was added to each sample.
Thirty percent was added to the samples on a hot plate
to oxidize the organic matter. Any excess of ^ 0 2  was de­
composed by further heating.
After cooling, the soil was transferred to a dispersing- 
cup. Fifty milliliters of sodium metaphosphate solution 
(Calgon) of pH 8.3 was added. The samples were then mixed 
for 5 minutes with an electric mixer.
The suspension was transferred to a 1000 ml graduated 
cylinder and agitated by a plunger for 60 seconds or more 
before hydrometer readings were taken with ASTM 152H hydro­
meter. The textural names of the soils were determined on 
the basis of the particle size distribution analysis using 
the scheme proposed in Soil Survey Manual, Handbook No. 18, 
U.S.D.A.
(ii) One-third Atmosphere Moisture Percentage
The one-third atmosphere moisture percentage was deter­
mined by using the porous plate apparatus as proposed by 
Richards (1948). Duplicate samples were exposed in the 
plate extractor to 1/3 atmosphere (4.9 lb/sq. inch) of pres­
sure. Time was allowed for moisture equilibrium to be 
reached in the saturated atmosphere of the sealed unit.
This usually required 48 hours. After that time the samples 
were removed from the extractor, placed in the moisture cans 
weighed to the nearest milligram and dried in an oven at a 
temperature of 105°C for 48 hours. The samples were then 
allowed to cool in a desiccator and oven dry weight of the 
soil was determined.
(iii) Organic Matter
The dry combustion method was used for total organic 
carbon content. Two and half gram samples were ignited in 
an electric combustion furnace at 950°C for fifteen minutes 
in an adjusted flow of oxygen. The carbon dioxide produced 
in the combustion of the organic matter was absorbed in a 
tube filled with layers of glass wool and Ascarite, and 
weighed gravimetrically. The organic matter was estimated 
from the organic carbon multiplied by the factor 1.724.
{iv) Soil pH
Twenty five grams of air dry soil were saturated with 
25 ml of distilled water in a wax coated paper cup. The 
samples were kept at a room temperature of approximately 
25°C for 2 4 hours and stirred at intervals. The pH deter­
minations were made with Beckman Zeromatic pH meter with 
glass and calomel electrodes which had been standarized at 
pH values of 7.0 and 4.0.
(v) Ferrous, Ferric and Total Iron Determination
Ferrous and ferric iron in the soil solution were de­
termined by shaking the soils with distilled water at a 1 : 2  
soil:water ratio. The iron extracted was determined
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colorimetrically by a, a 1 dipyridyl method according to the 
procedure of Kumada and Asami {1958). Although this reac­
tion only involves ferrous iron, ferric iron could be deter­
mined by first reducing the ferric iron to the ferrous form 
with 5% hydroxylamine hydrochloride and subtracting the fer­
rous iron content from the ferric plus ferrous iron content.
+2 +3(vi) Determination of Ca and Al Ions
+2Ca ions were determined from the water extract of the
soils incubated at 35°C for two'months under well-drained
and waterlogged conditions. The flame photometer was used
+ 3for this analysis. Al ions were determined by Atomic ab­
sorption spectrophotometer (Perkin - Elmer model 303) at 
309.2 my wave length with Al hollow cathode as light source 
and nitrous oxide-acetylene flame.
(vii) Inorganic Phosphorus Fractionation
Inorganic phosphorus of the soil was fractionated ac­
cording to the method of Chang and Jackson (1957a), except 
for reductant-soluble iron phosphate which was analyzed by a 
slightly modified method of Jackson (1958) as detailed below. 
Principle of the method
(1) Water Soluble and Loosely Bound Phosphorus was de­
termined by extracting one gm of soil in 50 ml of 1 N NH^Cl 
for half an hour and analyzing the extract for orthophos­
phate .
(2) Aluminum Phosphate was extracted with 50 ml of 
0.5 N neutral NH^F. In neutral or alkaline solutions, the 
fluoride complex of Al is formed but that of iron does not
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form to any appreciable extent. Neither is calcium phos­
phate appreciably dissolved in this reagent. Therefore, the 
phosphate extracted by neutral 0.5 N NH^F is mainly AlPO^ 
and the method is, therefore, an important step in the soil
phosphorus fractionation system.
- +3The F ion has the special property of complexing Al
+3_and Fe ions m  acid solutions, with consequent release of 
phosphorus held in the soil by these trivalent ions. The 
reaction in the acid solution may be represented as follows:
3NH4F + 3HF + A1P0 4 ------>- H 3 P0 4 + (NH4) 3AlFg
3NH4F + 3HF + FeP0 4 ------► H 3 PC>4 + ( N H ^ F e F g
The fluoroferrate is unstable in neutral or alkaline systems. 
The (NH4)3AlFg may precipitate with large excess of fluoride. 
The Fe and Al-P are the hydrated and hydroxyl phosphates in­
cluding adsorbed or precipitated surface layers on alumino- 
silicates or oxides. The reaction is not produced when the 
phosphates are covered by a film of Fe-oxides molecules 
(occluded phosphates).
(3) Iron Phosphate was extracted with 50 ml of 0.1 N 
NaOH. Strongly alkaline solution such as NaOH has been em­
ployed for the extraction of phosphorus from iron phosphate 
and organic forms of soil phosphorus. The organic P ex­
tracted by alkaline solutions is flocculated and excluded 
from the analysis of the inorganic phosphorus brought into 
solution. NaOH dissolves synthetic Al and Fe-P compounds 
but not apatites.
(4) Calcium Phosphate was extracted with 0.5 N H 3 S04 .
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NH^F and NaOH treatments should precede the treatment
since the latter removes considerable aluminum and iron 
phosphate as well as all the calcium phosphate. H 2 SO 4 dis­
solves all the apatite (up to a conc. of 3000 ppm P) and 
dissolves less than half of the Fe and Al-P present.
(5) Reductant Soluble Iron Phosphate is an important 
fraction of insoluble P which, sometimes, attains as much as 
40% of the total P. It has been demonstrated that this 
fraction can be almost completely extracted by a reduction 
process and chelation, this process being essentially spe­
cific of the Fe-oxide extractions. The solubilized P was 
attributed to the occluded forms in the concretioned oxides, 
protected by coatings of Fe-oxide that covered aggregates 
and concretions that were resistant to the NaOH and NH^F, 
whereas the Fe and Al-P recently precipitated or complexed 
with humus was largely extracted by the NaOH. The occluded- 
P forms are almost insoluble and so unavailable for plants.
The soil sample previously extracted in 0.5 N ^ S O ^  to 
remove calcium phosphate was washed twice with 25 ml por­
tions of saturated NaCl solution. It was then suspended in 
40 ml of 0.3 M sodium citrate solution and 5 ml of M NaHCO^ 
and the suspension was heated in a water bath at 80°C. Then 
1.0 gm of Na 2 S 2 0  ^was added with rapid stirring. The sus­
pension was kept at 80°C for 15 minutes and centrifuged.
The supernatant solution was collected in a 100 ml volu­
metric flask. The soil was washed twice with 25 ml portions 
of saturated NaCl. The two washings being combined with the
extract in the 100 ml volumetric flask. The solution in the 
flask was made to volume and an aliquot of 2 ml was taken 
for determining P. Another aliquot of 2 ml was taken for Fe 
determination.
A 2 ml aliquot of dithionite citrate extract was placed 
in 250 ml conical flask. About 10 ml of distilled water and 
5 ml of 30% H2°2 were ac^ ecl the solution was heated on a
hot plate. Vigorous splashing was not allowed to occur.
The flasks were removed from the hot plate as needed. One 
drop of 0.5 M FeCl^ was added to moderate the oxidation.
The cessation of foaming and the beginning of ordinary boil­
ing indicate the completion of oxidation. Complete drying 
was avoided before the oxidation was complete, otherwise the 
very concentrated and the high temperature ignited the
organic matter, leaving some carbon particles. Small 
amounts of distilled water were added as necessary. After 
completion of oxidation the solution was boiled for an addi­
tional one to two minutes and then dried on a draft oven. 
About 10 ml of 2 N NaOH was added and the solution was boil­
ed for one to two minutes and digested on a steam plate for 
5 minutes. The suspension was poured into 15 ml centrifuge 
tube and centrifuged to throw down the iron oxide precipi­
tate. The supernatant liquid was decanted into a 50 ml vol­
umetric flask. The original 250 ml flask was washed with 10 
ml of water into the same 15 ml centrifuge tube. The pre­
cipitate was resuspended by shaking and again thrown down by 
centrifugation. The supernatant solution was poured into
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the same 50 ml volumetric flask. The washing was repeated 
once more and the supernatant solution placed in the same 
flask. The combined supernatant solution was made to volume 
and the phosphate was determined as iron phosphate.
(6 ) Occluded Aluminum Phosphate was extracted in neu­
tral 0.5 N NH^F and the phosphate was determined as aluminum 
phosphate.
(7) Occluded Iron Phosphate was extracted in 0.1 N 
NaOH after washing the soil twice with 25 ml lots of satu­
rated NaCl and the phosphate was determined as iron phos­
phate .
A small percentage of iron phosphate is dissolved in 
the NH^F. As recommended by Chang and Jackson (1957a), 10% 
of iron phosphate obtained by subsequent NaOH extraction was 
subtracted from aluminum phosphate and added to the iron 
phosphate.
(viii) Determination of Extractable Phosphorus
The phosphorus in the samples was extracted with 0.1 N 
HCl and 0.03 N NH^F solution (Bray No. 2) with a soiliex- 
tractant ratio of 1:20 by shaking for 15 minutes on a 
mechanical shaker. Aliquots of this filtrate were colori- 
metrically analyzed for phosphorus by the intensity of the 
color of the molybdate blue complex formed by the reaction 
of orthophosphate with ammonium molybdate in the presence of 
reducing agent stannous chloride. The analysis of phos­
phorus was based on the method of Dickman and Bray (1940).
(ix) Determination of Total Phosphorus
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A 5 gm sample of soil was transferred to a 300 ml coni­
cal flask. In samples high in organic matter, 20 ml of HNO^ 
were added to effect preliminary oxidation on a steam plate. 
Then 30 ml of 62 percent HCIO^ were added and the-digestion 
carried out at 100 to 130°C on a hot plate. Short tailed 
funnels were used to reflux HCIO^ during the digestion in 
the flasks. The HC1C>4 digestion was carried out until solu­
tion appeared colorless. When the solution was cooled, 50 
ml of distilled water was added and then transferred through 
a filter to a 250 ml volumetric flask. The residue was 
washed to bring the volume of solution to the marks.
A 50 ml aliquot of the extract was transferred to a 
100 ml volumetric flask. P was determined colorimetrically 
using the vanado-molybdate procedure. The readings were 
made in a Bausch and Lomb photocolorimeter using a wave 
length of 400 my.
(x) Determination of Organic Phosphorus
The content of organic P in the soil was calculated by 
subtracting total inorganic P from total P determined in the 
procedure cited above. The sum.total of various fractions 
of P as determined by the method of Chang and Jackson 
(1957a) was taken as total inorganic phosphorus.
G. Statistical Analysis
Correlation coefficients and multiple regression equa­
tions were calculated with the help of IBM 1620 computer 
using MRP 25 program.
RESULTS AND DISCUSSION
A. Selectivity of Extractant for Aluminum and Iron
Phosphate
. * *
Data oh the 1 N NH^Cl soluble (water soluble and 
loosely bound P) , 0.5 N NH^F soluble (Al-P) and 0.1 N NaOH 
soluble (Fe-P) phosphorus for four soils alone and in com­
bination with 200 ppm-P as synthetic A1P04 *2H20 and 
FeP0 4 *2H20 are presented in Table 4. In addition, the cor­
responding extraction data for synthesized AlP0 4 *2 H 2 0  and 
FeP0 4 *2 H 2 0  alone have also been included in the table for 
the purpose of comparison. The results show that there was 
almost complete recovery of added AlPO^ from Midland soil 
while from Crowley, Olivier and Sharkey soils the recovery 
was not complete. The unrecovered Al-P may have been trans­
formed to Fe-bound P during the period of incubation at room 
temperature for 30 days and this was demonstrated by excess 
recovery of Fe-P with 0.1 N NaOH extractant from the soil 
samples which received AlP0 4 *2 H 2 0  alone, over the control 
treatments (receiving no added P ) . There was full recovery 
of Al-P from the synthesized compound A1P0 4 *2H20 alone with 
NH4F extract. It may be noted here that about 10% of Fe-P 
from the synthesized compound FeP0 4 *2 H 2 0  was also extracted 
with NH 4 F. Extraction of Fe-P with NH4F was demonstrated in
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Table 4
Selectivity of Extractant for Aluminum and Iron Phosphate
Treatments
ppm-P *
1 N NH 4 C1 
extract 
(WS&LB-P)
0.5 N NH 4 F 
extract 
(Al-P)
0.1 N NaOH 
extract 
(Fe-P)
1 Crowley # 1 0.4 1 0 . 8 31.5
2 Crowley #1 + A1P04 *2H20 1 . 2 183.5 50.5
3 Crowley #1 + FeP04 -2H20 0.4 21.7 218.7
4 Midland # 1 0.5 1 2 . 1 27.4
5 Midland # 1  + A 1 P0 4 *2 H 2 0 1 . 2 214.6 44.0
6 Midland #1 + FeP04 -2H20 0.4 31.9 215.9
7 Olivier (8 -0 - 8 ) 0.5 15.2 48.4
8 Olivier (8-0-8) + A1P04 -2H20 0.9 197.1 61.6
9 Olivier (8-0-8) + FeP04 *2H20 0 . 6 37.3 229 .9
1 0 Sharkey 1 . 2 75.5 196.3
1 1 Sharkey + A 1 P0 4 *2 H 2 0 2.5 235.8 208.4
1 2 Sharkey + FeP0 4 *2 H 2 0 1.7 1 0 2 . 0 409.8
13 A1P04 *2H
2 ° 5.9 205.0 1 . 6
14 FeP04 *2H
2 ° 0 . 8 21.9
185.3
* Uncorrected
Note: AlP0^*2H20 and FeP04 *2H20 were added @ 200 ppm-P.
00
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all the four soils receiving no AlPO^ but treated with 200 
ppm of P as FePO^. The extent of Fe-P recovery, however, 
varied with the soils being 5.4% from Crowley, 9.9% from 
Midland, 11.1% from Olivier and 13.3% from Sharkey soils. 
Chang and Jackson (1957a) recommended that 10% of the iron 
phosphate as obtained by subsequent NaOH extraction should 
be subtracted from the aluminum phosphate and added to the 
iron phosphate for convenience. Since the results of this 
experiment on selectivity of extractant corroborate the 
findings of Chang and Jackson (1957a) in general, this 
method of correction for the FePO^ extracted along with the 
AlPO^ has been employed in all the subsequent experiments, 
unless otherwise indicated.
Smith (1965) recommended that for accurate distinction 
between Al-P (soluble in 0.5 N NH^F) and Fe-P (soluble in 
0.1 N NaOH but partly also in NH^F) a separate correction 
factor has to be calculated for each level of standard phos­
phate added to the NH^F extractant. The pre-existing dis­
tribution of phosphate between soil and NH^F solution can be 
calculated from plotting P recoveries from a series of 
additions against concentration of added phosphate.
B . Total, Inorganic and Organic Phosphorus Contents of 
Selected Louisiana Soils
Data on the total, inorganic and organic phosphorus are 
presented in Table 5. These data pertain to the surface 
soil only. Percentage of organic matter has been included
Table 5
Total, Inorganic and Organic Phosphorus Contents of Various Soils in ppm
% of Total P
Soil No. and Name Total P* Inorg. P Org. P 0. M.
% Inorg. P Org. P
1 Baldwin 1,280 348 932 4.623 27.2 72.8
2 Calhoun 520 228 292 0.916 43.8 56.2
3 Commerce 724 517 207 0.736 71.4 28.6
4 Crowley # 1 412 8 8  ; 324 1.483 21.4 78.6
5 Crowley # 2 355 78 277 2.347 2 2 . 0 78.0
6 Cypremort 470 125 345 1.5 38 26.6 73.4
7 Hebert 406 271 . 135 0.798 6 6 . 8 33.3
8 Mhoon 1,291 706 585 1.640 54.7 45.3
9 Midland # 1 281 60 2 2 1 1.657 21.4 78.7
1 0 Midland # 2 283 8 8 195 1.958 31.1 68.9
1 1 Miller 1,385 593 792 2.219 42.8 57.2
1 2 Olivier (8 -0 - 8 ) 381 153 228 0.963 40.2 59.8
13 Olivier (8-0-8+L) 309 95 214 0.856 30.7 69.3
14 Olivier (8 - 8 - 8 ) 470 218 252 1.089 46.4 53.6
15 Olivier (8 - 8 - 8+L) 394 167 227 1.068 42.4 57.6
16 Olivier 470 215 255 1 . 0 2 0 45.7 54.3
17 Perry 1,029 309 720 5.932 30.0 70.1
18 Pulaski 406 183 223 1.097 45.1 54.9
19 Sharkey 1,295 649 646 2.124 50 .1 49 .9
2 0 Yahola 620 524 96 0.832 84.5 15.5
* Analyzed by Mr. J. G. Kowalczuk, Assistant Professor, Feed and Fertilizer Laboratory, 
Louisiana State University, Baton Rouge.
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in the table .for the purpose of comparison.
The results showed that the total P varied from a mini­
mum of 281 ppm in Midland #1 to a maximum of 1,295 ppm in 
Sharkey. In general, the soils belonging to Coastal 
Prairies and Mississippi Terraces and Loessial Hills were 
low in total P while the soils of Recent alluvium were rela­
tively high with the exception of Cypremort, Hebert and 
Pulaski which had less than 500 ppm of total P. These last- 
named soils are considerably older and more weathered than 
the other soils of Recent age.
Total inorganic P has been obtained by totaling all the 
fractions of P, viz. water soluble and loosely bound, £l-P, 
Fe-P, Ca-P, RS Fe-P, occluded Al-P and occluded Fe-P. Total 
inorganic P ranged from a low of 60 ppm in the case of Mid­
land #1 to a high of 649 ppm in Sharkey. The Midland #1 and 
Sharkey also happened to be the lowest and highest insofar 
as total P was concerned among the twenty soils studied. On 
the basis of percentage of total inorganic P of the total P, 
an extreme variation with a minimum of 21.4% in the case of 
Midland #1 and.a maximum of 84.5% with Yahola was marked.
The rest of the soils fell within an intermediate range of 
30 to 50% except the Crowley and Baldwin series.
The organic phosphorus, which was determined by sub­
traction of the inorganic phosphorus from the total phos­
phorus, ranged from a low of 96'ppm in the Yahola to a high 
of 9 32 ppm in the Baldwin. The range of percentage of 
organic P varied from 15.5 to 78.6. It is interesting to
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note that organic P constituted an appreciable portion of 
total P in all the soils except the Yahola and Commerce. In
soils low in total P, the organic P fraction tended to
amount to a relatively higher percentage of the P. The 
soils high in organic matter contained a relatively higher 
percentage of organic P.
C . Forms of Soil Phosphorus and their Distribution in 
Selected Louisiana Soils
The results obtained from the fractionation of inorgan­
ic soil phosphorus are presented in Tables 6 and 7. Seven 
different fractions of P, viz. (1) water soluble and loosely 
bound P, (2) Al-P, (3) Fe-P, (4) Ca-P, (5) reductant soluble
Fe-P, (6 ) occluded Al-P and (7) occluded Fe-P are shown
along with the total inorganic P for each soil. The distri­
bution of various phosphate fractions in air dry samples 
shows that iron phosphate (.1 N NaOH soluble + reductant 
soluble + occluded Fe-P) comprised the largest portion of 
the native inorganic phosphate in the soil.
Water soluble and loosely bound P, and occluded Al- and 
Fe-P were relatively less than the rest of the fractions, in 
general. Water soluble and loosely bound P ranged from a 
minimum of 0.6 ppm in the Crowley #2 to a maximum of 88.4 
ppm-P in the case of the Yahola with most of the soils fall­
ing within the range of 1 to 2 ppm. The high water soluble 
and loosely bound P in Yahola soil is possibly due to the 
presence of magnesium, potassium, sodium and ammonium
Table 6
Inorganic Phosphate Fractions of Air Dry Soils in ppm
Soil No. Total Inorganic: P Fractions in ppm
and
Name
Inorg.
P in ppm WS&LB-P Al-P Fe-P Ca-P
RS
Fe-P
0 .
Al-P
0 .
Fe-P
Total
Fe-P*
1 Baldwin 347.6 2 . 0 52.9 159.4 86.9 33.7 5.4 7.3 200.4
2 Calhoun 228.2 1.3 25.9 107.7 27.9 57.3 3.7 4.4 169.4
3 Commerce 517.3 4.8 34.3 48.9 342.4 82.5 1.3 3.1 134.5
4 Crowley #1 87.9 0 . 8 6.7 31.5 13.4 31.9 2 . 1 1.5 64.9
5 Crowley #2 78. 2 0 . 6 5.6 30.1 5.8 32.2 2 . 1 1 . 8 64.1
6 Cypremort 124.9 1.3 15.5 34.4 37.2 32.1 2 . 0 2.4 68.9
7 Hebert 270.7 6.9 60.5 84.2 32.2 82.0 1 . 6 3.3 169.5
8 Mhoon 706.1 3.9 64.9 199.8 317.9 110.3 4.1 5.2 315.3
9 Midland #1 60.0 0 . 8 7.9 25.5 8.9 1 2 . 8 0 . 6 3.5 41.8
1 0 Midland #2 87.9 1 . 0 1 . 8 30.2 5.8 45.2 1.7 2 . 2 77.6
1 1 Miller 593. 5 9.5 80.7 81.4 348.4 59.1 6.5 7.9 148.4
1 2 Olivier
(8 -0 - 8 )
15 3.1 0 . 8 7.9 59.1 8 . 8 69.5 1.4 5.6 134.2
13 Olivier 
(8-0-8+L)
94.5 1 . 1 4.9 36.4 1 0 . 1 37. 8 1.7 2.5 76.7
14 Olivier
(8 - 8 - 8 )
218.0 1.7 28.7 87.9 18.3 75.9 2 . 2 3.3 167 .1
15 Olivier
(8 - 8 - 8 +L)
166.6 1.4 18.7 72.1 18.3 50 .5 2 . 2 3.4 126 . 0
16 Olivier 214.6 1 . 1 18.1 8 6 . 2 1 2 . 0 8 8 . 6 3.0 5.6 180.4
17 Perry 309.0 1.7 23.9 137.1 26.3 107.8 5.1 7.1 252.0
18 Pulaski 183.5 4.1 43.9 58.1 22.7 50.4 1 . 0 3.3 1 1 1 . 8
19 Sharkey 649.4 1 . 8 54.5 2 0 2 . 2 258.3 119.2 7.1 6.3 327.7
2 0 Yahola 524.2 88.4 71.8 29.6 271.6 56.8 2 . 2 3.8 90.2
* Total iron phosphate is the sum of 0.1 N NaOH soluble Fe-P, reductant soluble Fe-P and 
occluded Fe-P.
Table 7
Inorganic Phosphate Fractions Expressed as Percent of the 
Total Inorganic Phosphate in Air Dry Soils
Total % of Total Inorganic P
Soil No. and Name Inorg.
P in ppm WS&LB-P
RS
Al-P Fe-P Ca-P Fe-P
0 .
Al-P
0 .
Fe-P
1 Baldwin 347.6 0 . 6 15.2 45.9 25.0 9.7 1 . 6 2 . 1
2 Calhoun 228.2 0 . 6 11.3 47.1 1 2 . 2 25.1 1 . 6 1.9
3 Commerce 517.3 0.9 6 . 6 9.5 6 6 . 2 16.0 0.3 0 . 6
4 Crowley #1 87.9 0.9 7.6 35.9 15.2 36.3 2.4 1.7
5 Crowley #2 78.2 0 . 8 7.2 38.4 7.4 41.1 2.7 2.4
6 Cypremort 124.9 1 . 0 12.4 27.6 29.8 25.7 1 . 6 1.9
7 Hebert 270.7 2 . 6 22.4 31.1 11.9 30.3 0 . 6 1 . 2
8 Mhoon 706.1 0 . 6 9.2 28.3 45.0 15.6 0 . 6 0.7
9 Midland #1 60.0 1.3 13.2 42.5 14.9 21.3 1 . 1 5.8
1 0 Midland #2 87.9 1 . 1 2 . 0 34.4 6 . 6 51.4 2 . 0 2.5
1 1 Miller 593.5 1 . 6 13.6 13.7 58.7 1 0 . 0 1 . 1 1.3
1 2 Olivier (8-0-8) 153.1 0.5 5.2 38.6 5.8 45.4 0.9 3.7
13 Olivier (8-0-8+L) 94.5 1 . 2 5.2 38.5 10.7 40.0 1 . 8 2.7
14 Olivier (8 - 8 -8 ) 218.0 0 . 8 13.2 40.3 8.4 34.8 1 . 0 1.5
15 Olivier (3-8-8+L) 166.6 0.9 1 1 . 2 43.2 1 1 . 0 30.3 1.3 2 . 1
16 Olivier 214.6 0.5 8.4 40.2 5.6 41.3 1.4 2 . 6
17 Perry 309.0 0.5 7.7 44.4 8.5 34.9 1 . 6 2.3
18 Pulaski 183.5 2 . 2 23.9 31.7 12.4 27.5 0.5 1 . 8
19 Sharkey 649.4 0.3 8.4 31.1 39.8 18.4 1 . 1 1 . 8
2 0 Yahola 524.2 16.9 13.7 5.6 51. 8 1 0 . 8 0.4 0.7
phosphates in this relatively unweathered soil. Next in 
order of magnitude of water soluble and loosely bound P were 
Miller, Hebert, Commerce, Pulaski and Mhoon soils, all of 
which are of Recent alluvium. The lower amount of water 
soluble and loosely bound P in the Miller as compared to 
that of the Yahola may be due to higher clay content (4 8.5%) 
and consequent fixation of P in the former as against 8 .8 % 
clay in the latter. Relatively low or negligible concentra- 
tion of NH^Cl soluble P in most other soils is in agreement 
with results of Chang and Jackson (1957a) who do not recom­
mend the estimation of this fraction of phosphorus in most 
soils because of extremely low values.
The aluminum bound P fraction was the third dominant 
fraction next only to Fe-P and Ca-P with few exceptions. It 
ranged from a minimum of 1.8 ppm in the Midland #2 to a max­
imum of 71.8 ppm in the Yahola soil. The soil series be­
longing to Coastal Prairies and Mississippi Terrace and 
Loessial Hills were low in aluminum phosphate as compared to 
those belonging to the alluvial soils. While in almost all 
the cases the Al-P fraction was lower than the Ca-P fraction, 
Hebert and Pulaski contained an amount of Al-P which was al­
most double that of their Ca-P fractions. Two other varia­
tions were noted in the case of Olivier soils receiving 
continuous phosphate applications every year for the last 19 
years. The Al-P fraction constituted from a low of 2% to as 
much as 24% with an average of 10.9% of the total inorganic 
P. Ortiz-Villanueva (1964) working on phosphorus fractions
in soils of East Baton Rouge Parish, Louisiana also reported 
that in some surface soils the Al-P form was higher than the 
Ca-P fraction but in subsoils the Ca-P form predominated.
Iron phosphate dissolved in 0.1 N NaOH ranged from 25.5 
to 202.2 ppm with a mean of 80.1 ppm. Here again the Crow­
ley and Midland series exhibited relatively low iron phos­
phate as compared to the others. One of the reasons the 
Crowley and Midland were low in these various fractions of P 
is because the total P was low in these two soils. This 
fraction constituted from a low of 5.6% to a high of 47.1% 
of the total inorganic P with a mean of 33.4%. The NaOH 
extractable iron bound P fraction was positively higher than 
Al-P both in terms of ppm and percentage of total inorganic 
P except in the case of Yahola where Al-P was higher than 
Fe-P.
The Ca-P is the second dominant fraction which ranged 
from a minimum of 5.8 ppm in the case of Crowley silt loam 
to a maximum of 348.4 ppm in the case of Miller silty clay. 
On a percentage basis, Ca-P constituted 5.6% to 66.2% of the
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total:inorganic P. The Commerce, Mhoon, Miller, Sharkey and 
Yahola soils of the Recent alluvial areas had more than 250 
ppm of Ca-P with pH values ranging from 6.0 to 7.6. This 
fraction constituted more than 40% of the total inorganic P 
of these soils. Soils low in pH generally exhibited a lower 
amount of calcium bound phosphate.
Reductant soluble phosphorus constituted a relatively 
large fraction of the inorganic phosphorus in most of the
soils analyzed. It varied from a minimum of 12.8 ppm in the 
case of Midland #1 to a maximum of 119.2 ppm in the case of 
Sharkey silty clay with an average of 61.8 ppm. On the 
basis of percentage of the total inorganic phosphorus, re­
ductant soluble iron phosphate constituted 9.7 to 51.4% with 
an average of 2 8.3%. The Crowley, Midland and Olivier soils 
have more than 30% of their inorganic phosphate as reductant 
soluble iron phosphate. Increasing amounts of reductant 
soluble iron phosphate and low solubility and availability 
of phosphorus in soils have been noted with continued chemi­
cal weathering by Bauwin and Tyner (1957a) and Chang and 
Jackson (1958). Inorganic phosphates have been shown by 
Chang and Jackson (1958) to be the sensitive indicators of 
soil weathering. They showed varying magnitude of soil 
weathering by the relative percentage of calcium, aluminum, 
iron and occluded phosphates present, listed in order of 
their weatherability.
Relative degrees of soil weathering could only be ob­
tained from a comparison of complete profiles.
Occluded aluminum and iron phosphates were extremely 
low in all the 2 0  soils ranging from less than one ppm to a 
maximum of 7.3 ppm which constituted 1 - 2% of the total in­
organic phosphate. This fraction actually has to be low 
after the extraction with sodium citrate and dithionite, 
which extracted most of the iron oxide coated iron phosphate, 
which is sometimes called nonextractable P. Generally, oc­
cluded iron phosphate was higher than occluded aluminum
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phosphate in most of the soils with few exceptions. The 
highest amount of occluded aluminum phosphate was observed 
in the Sharkey soil with 7.1 ppm while the highest amount of 
occluded iron phosphate was seen in Baldwin with 7.3 ppm.
On an average the occluded aluminum phosphate and occluded 
iron phosphate constituted 1.3 and 2.0% of the total inor­
ganic phosphate, respectively.
D. Effect of Waterlogging on Transformation of Native and 
Added Phosphates 
Under this section results of five experiments have 
been presented. They are discussed under appropriate titles.
(i) Effect of Waterlogging on Transformation of Native 
Phosphate
The data oh inorganic phosphate fractions of water­
logged soils are presented in Table 8 and the percentage of 
each fraction to the total inorganic phosphorus has been 
given in Table 9. The effects of waterlogging on transfor­
mation of native phosphates have been presented in graphical 
form in Figures la to It. The results show that water solu­
ble and loosely bound P varied from 0 to 39.5 ppm with an 
average of 2.7 ppm. This high mean figure of 2.7 was mostly 
due to a single soil (Yahola) containing 39.5 ppm. But for 
this Yahola soil, the mean for this fraction of water solu­
ble and loosely bound P would have been less than 1 ppm. On 
a percentage basis this fraction constituted 0 .8 % of the 
total inorganic P in waterlogged soil as compared to 1.8% in
Table 8
Inorganic Phosphate Fractions of Waterlogged* Soils in ppm
Soil No. Total Inorganic P Fractions in ppm
and
Name
Inorg.. 
P in ppm WS&LB-P Al-P Fe-P Ca-P
RS
Fe-P
0 .
Al-P
O.
Fe-P
Total
Fe-P**
1 Baldwin 552.1 0.5 93.7 377.7 55.9 13.5 5.8 5.0 396.2
2 Calhoun 361.5 0 . 8 58.2 222.3 29.3 44.6 3.0 3.4 270.2
3 Commerce 495. 7 0.4 51.5 40.9 361.9 38.1 1.4 1.5 80.5
4 Crowley #1 90.6 0.5 17.9 34.6 14.7 19.1 2.4 1.4 55.2
5 Crowley #2 97.4 0.3 17.0 46.9 6.4 12.9 1.7 1.4 61.2
6 Cypremort 140.4 0 . 0 33.3 43.1 34.0 25.7 2 . 1 2 . 1 70.9
7 Hebert 326.8 10.3 100.3 132.6 23.4 56.8 1 . 6 2 . 0 191.4
8 Mhoon 699.2 0 . 8 62.9 278.3 298.4 51.9 3.4 3.6 333.7
9 Midland #1 72.5 0 . 0 36.3 29. 2 4.5 0 . 0 1.5 1 . 0 30.2
1 0 Midland #2 94.5 0 . 0 4.7 40.7 5.2 38.8 2 . 6 2 . 6 82.0
1 1 Miller 580.3 0 . 8 47.2 124.1 348.4 46.0 6 . 8 6.9 177.0
1 2 Olivier
(8 - 0 - 8 )
145.3 1 . 1 31.0 47.9 10.7 50.5 1 . 8 2 . 2 1 0 0 . 6
13 Olivier
(8-0-8+L):
95.5 0 . 8 15. 7 42.4 7.6 25.2 1.9 1.9 69.5
14 Olivier
(8 - 8 - 8 )
253.7 2.4 73.6 87.7 15.8 69.6 2 . 1 2.5 159.8
15 Olivier
(8 - 8 - 8 +L)
203.5 1.4 50. 2 80.4 17.1 50 .5 2 . 1 1 . 8 132.7
16 Olivier 238.0 0 . 6 33.1 102.3 20.9 76.0 3.4 1.7 179 .9
17 Perry 328.2 0.3 18.6 254.3 18.2 26.9 5.3 4.4 2 85.7
18 Pulaski 186.0 2.7 8 6 . 0 60.4 14.5 18.9 1.9 1.7 81.0
19 Sharkey 773.1 0 . 2 1 1 . 2 393.0 278.2 79.5 5.5 4.7 478.1
2 0 Yahola 551.1 39.5 93.0 60.5 303.2 50.5 2 . 1 2.4 113.3
* Waterlogged for 60 days.
** To£al iron phosphate is the sum of 0.1 N NaOH soluble, reductant soluble and occluded 
Fe-P.
Table 9
Inorganic Phosphate Fractions Expressed as Percent of the 
Total Inorganic Phosphate in Waterlogged* Soils
Soil No. and Name
Total
Inorg.
P in ppm
% of Total Inorganic P
WS&LB-P Al-P Fe-P Ca-P
RS
Fe-P
0.
Al-P
0 .
Fe-P
1 Baldwin 552.1 0.1 17.0 68.4 10.1 2.4 1.1 0.9
2 Calhoun 361.5 0.2 16.1 61.5 8.1 12.3 0.8 0.9
3 Commerce 495.7 0.1 10.4 8.2 73.0 7.7 0.3 0.3
4 Crowley #1 90.6 0.5 19.7 38.2 16.2 21.1 2.7 1.6
5 Crowley #2 97.4 0.3 17.4 48.2 6.6 13.2 1.7 1.5
6 Cypremort 140.4 0.0 23.7 30.7 24.2 18.3 1.5 1.5
7 Hebert 326.8 3.1 30.7 40.6 7.1 17.4 0.5 0.6
8 Mhoon 699.2 0.1 9.0 ■ 39.8 42.7 7.4 0.5 0.5
9 Midland #1 72.5 0.0 50.1 40.4 6.2 0.0 2.0 1.4
10 Midland #2 94.5 0.0 5.0 43.0 5.5 41.0 2.8 2.7
11 Miller 580.3 0.1 8.1 21.4 60.0 7.9 1.2 1.2
12 Olivier (8-0-8) 145.3 0.8 21.4 32.9 7.4 34.8 1.3 1.5
13 Olivier (8-0-8+L) 95.5 0.8 16.5 44.4 7.9 26.4 2.0 2.0
14 Olivier (8-8-8) 253.7 0.9 29.0 34.6 6.2 27 o 4 0.8 1.0
15 Olivier (8-8-8+L) 203.5 0.7 24.7 39.5 8.4 24.8 1.1 0.9
16 Olivier 238.0 0.3 13.9 43.0 8.8 31.9 1.4 0.7
17 Perry 328.2 0.1 5.7 77.5 5.5 8.2 1.6 1.4
18 Pulaski 186.0 1.4 46.2 32.5 7.8 10 .2 1.0 0.9
19 Sharkey 773.1 0.0 1.5 50.0 36.0 10.3 0.7 0.6
20 Yahola 551.1 7.2 16.9 11.0 55.0 9.2 0.4 0.4
* Waterlogged for sixty days.
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the air dry sample. There was a tendency for the water sol­
uble fraction to be decreased due to flooding though indi­
vidual soils might vary (Table 10). Three soils viz. Cypre- 
mort, Midland #1 and Midland #2 showed complete absence of 
water so liable and loosely bound P due to waterlogging, while 
Hebert, Olivier (8-0-8) and Olivier (8 - 8 - 8 ) showed a signif­
icant increase in water soluble and loosely bound P fraction 
due to flooding. In the rest of the soils this fraction of 
phosphorus was definitely decreased.
Aluminum phosphate ranged from a low of 4.7 ppm to a 
maximum of 100.3 ppm with an average of 46.8 ppm. This 
fraction constituted 19.1% of the total inorganic phosphorus 
in the flooded soil as compared to 10.9% in the air dry soil. 
Table 11 shows the relative transformation of aluminum phos­
phate due to waterlogging for 60 days. Generally the Al-P 
fraction tended to increase due to submergence, though there 
were exceptions. Magnitude of this increase varied with the 
soils. The Al-P fraction of flooded soil, expressed as the 
percentage of air dry soil, varied from 20.6 to 460.2%. In 
the Sharkey, Miller, Perry and Mhoon soils the Al-P fraction 
decreased due to flooding. These soils contain from 33.50 
to 60.25% clay and 1.657 to 5.932% organic matter. The clay 
and organic matter may have been responsible for the trans­
formation of Al-P to Fe-P under highly reduced conditions 
developed during incubation for two months at 35°C. All 
these soils showed an increase of iron phosphate due to 
flooding. Moreover, initially high levels of Al-P and Fe-P
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Table 10
Effect of Waterlogging on Water Soluble
and Loosely Bound P in ppm
Soil No. and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 2 . 0 0.5 25.3
2 Calhoun 1.3 0 . 8 63.0
3 Commerce 4.8 0.4 8 . 6
4 Crowley #1 0 . 8 0.5 60.0
5 Crowley #2 0 . 6 0.3 50 .0
6 Cypremort 1 . 2 0 . 0 0 . 0
7 Hebert 6.9 10.3 147.7
8 Mho on 3.9 0 . 8 2 0  . 8
9 Midland #1 0 . 8 0 . 0 0 . 0
1 0 Midland #2 1 . 0 0 . 0 0 . 0
1 1 Miller 9.5 0 . 8 8 . 6
1 2 Olivier (8-0-8) 0 . 8 1 . 1 139.2
13 Olivier (8-0-8+L) 1 . 1 0 . 8 71.8
14 Olivier ('8 - 8 - 8 ) 1.7 2.4 136.2
15 Olivier (8 - 8 - 8 +L) 1.4 1.4 1 0 0  . 0
16 Olivier 1 . 1 0 . 6 56.8
17 Perry 1.7 0.3 19 . 6
18 Pulaski 4.1 2.7 65.4
19 Sharkey 1 . 8 0 . 2 9.3
2 0 Yahola 88.4 39.5 44.7
Mean 6 . 8 2.7 39.6
* Waterlogged for 60 days.
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Table 11
Effect of Waterlogging on Native
Aluminum Phosphate in ppm
Soil No. and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 52.9 93.7 177.2
2 Calhoun 25.9 58.2 224.7
3 Commerce 34.3 51.5 150.3
4 Crowley #1 6.7 17.9 267.3
5 Crowley #2 5.6 17.0 301.2
6 Cypremort 15.5 33.3 215.2
7 Hebert 60.5 100.3 165. 8
8 Mho on 64.9 62.9 97.0
9 Midland #1 7.9 36.3 460.2
1 0 Midland #2 1 . 8 4.7 265.5
1 1 Miller 80 .7 47.2 58.5
1 2 Olivier (8-0-8) 70.9 31.0 393.2
13 Olivier (8-0-8+L) 4.9 15.7 321.1
14 Olivier (8 - 8 - 8 ) 28.7 73.6 256.5
15 Olivier (8 - 8 - 8 +L) 18.7 50.2 268.2
16 Olivier 18.1 33.1 182.9
17 Perry 23.9 18.6 78.0
18 Pulaski 43.9 8 6 . 0 195.8
19 Sharkey 54.5 1 1 . 2 2 0 . 6
2 0 Yahola 71. 8 93.0 129 .5
Mean 31.5 46.8 148.7
* Waterlogged for 60 days.
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and low levels of reductant soluble phosphate might have 
resulted in such a transformation. It has been shown that 
aluminum phosphate would be preferentially formed under re­
ducing conditions (Bromfield, 1960 and Hsu and Jackson,
1960). Hence the refixation of phosphorus in waterlogged 
soils would be affected mainly by the presence of aluminum 
and iron as shown by the increase of iron bound and aluminum 
bound fractions. In this study it was found that the ratio 
of iron to aluminum in solution after waterlogging (as pre­
sented in Table 33 later) was generally high. The results 
suggest that in the aerated soils aluminum system is most 
active while in the waterlogged soils iron system predomi­
nates.
Iron phosphate soluble in 0.1 N NaOH increased from 
80.1 ppm to 125.0 ppm on an average due to flooding (Table 
12). This tendency has been reflected in all the soils ex­
cept Commerce and Olivier (8-0-8) where iron phosphate has 
been depressed due to flooding. This decrease in iron bound 
phosphate is possibly due to nonreducing conditions in these 
two samples especially under the experimental condition.
The increase or decrease in iron phosphate, expressed as a 
percentage of air dry soil, ranged from 81.1% to 211.9% with 
an average of 156.0%. In terms of ppm this fraction in the 
flooded treatment ranged from 29.2 ppm in the Midland #1 to 
394.0 ppm in Sharkey silty clay, the average being 125.0 ppm.
In terms of percentage of total inorganic P, the range was 
from 8.2 to 77.5. The increase in iron phosphate may be
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Table 12
Effect of Waterlogging on Native
Iron Phosphate in ppm
Soil No. and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 159.4 337.7 211.9
2 Calhoun 107.3 222.3 207.1
3 Commerce 48.9 40.9 83.6
4 Crowley # 1 31.5 34.6 109 . 8
5 Crowley # 2 30.1 46.9 156.0
6 Cypremort 34.4 43.1 125.3
7 Hebert 84.2 132.6 157.6
8 Mhoon 199. 8 278.3 139.3
9 Midland # 1 25.5 29.2 114.8
1 0 Midland # 2 30.2 40.7 134.6
1 1 Miller 81.4 124.1 152.5
1 2 Olivier (8 -0 - 8 ) 59.1 47.9 81.1
13 Olivier (8-0-8+L) 36.4 42.4 116 .4
14 Olivier (8 - 8 - 8 ) 87.9 87.7 99.9
15 Olivier (8 - 8 - 8+L) 72.1 80.4 111.5
16 Olivier 8 6 . 2 102.3 118. 7
17 Perry 137.1 254.3 185.5
18 Pulaski 58.1 60.4 104.0
19 Sharkey 2 0 2 . 2 394.0 194.9
2 0 Yahola 29.5 60.5 204. 8
Mean 80.1 125.0 156 .0
* Waterlogged for 60 days.
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explained in the light of the dissolution of iron oxide 
coating around the soil particles and reduction of ferric 
phosphate to the more soluble ferrous phosphate (Eriksson,
1952) and hydrolysis of ferric and aluminum phosphates 
(Ponnamperuma, 1955). As seen from Table 12, the average 
increase in iron phosphate due to flooding was of the order 
of 56.0%.
Gasser (1956) reported that anaerobic fermentation of 
rice straw resulted in extensive mobilization of Fe. Both 
Ca and Al depressed the mobilization of Fe. The percentage 
increases of Al-P and Fe-P due to flooding as seen from 
Tables 11 and 12 indicate that the amount of iron bound 
phosphate increased more (i.e., 56.0%) than did aluminum 
phosphate (48.7%).
Calcium phosphate in the flooded soils ranged from a 
low of 4.5 ppm in Midland silt loam soil to a high of 348.4 
ppm in the Miller silty clay (Table 13). This fraction on 
the whole did not change much due to flooding, the average 
of the flooded and air dry soil being 9 3.4 and 9 3.7 ppm, 
respectively. However, individual soils varied insofar as 
their transformation of native calcium phosphate was con­
cerned. In some soils the Ca-P increased while in others it 
decreased. Chiang (1963a, 1963b) studying the phosphate 
changes in paddy soils reported that the amounts of Ca-P and 
Fe-P increased and that of Al-P decreased when pH became 
higher in acid soils, whereas the amount of Ca-P and Al-P 
increased and Fe-P decreased in alkaline soils. It is
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Table 13
Effect of Waterlogging on Native
Calcium Phosphate in ppm
Soil No. and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 86.9 55.9 64.3
2 Calhoun 27.9 29.3 104.9
3 Commerce 342.4 361.9 105.7
4 Crowley # 1 13.4 14.7 109.7
5 Crowley # 2 5.8 6.4 1 1 1 . 1
6 Cypremort 37.2 34.0 91.4
7 Hebert 32.2 23.4 72.6
8 Mhoon 317.9 298.4 93.9
9 Midland # 1 8.9 4.5 50.0
1 0 Midland # 2 5.8 5.2 99.0
1 1 Miller 348.4 348.4 1 0 0 . 0
1 2 Olivier (8 -0 - 8 ) 8 . 8 10.7 121.5
13 Olivier (8 -0 - 8 +L) 1 0 . 1 7.6 75.1
14 Olivier (8 - 8 -8 ) 18.3 15. 8 8 6  . 2
15 Olivier (8 -8 - 8 +L) 18.3 17.1 93.1
16 Olivier 1 2 . 0 20.9 173.8
17 Perry 26.3 18.2 69.3
18 Pulaski 22.7 14.5 63.9
19 Sharkey 258.3 278.2 10 7. 7
2 0 Yahola 271.6 303.2 1 1 1 . 6
Mean 93.7 93.4 99.7
* Waterlogged for 60 days.
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interesting to note that soils containing higher amounts of 
organic matter generally exhibited a lower amount of calcium 
phosphate which corroborates the findings of Mandal (1964).
He found that in the presence of starch Ca-P was decreased.
The result is explained in the light of the fact that the 
large amounts of CC^ formed by the decomposition of organic 
matter may have converted some insoluble tricalcium phos­
phates to more soluble mono- and dicalcium phosphates. Some 
of the ferric phosphate seems to be converted to calcium 
phosphate. It was also concluded that in control samples 
calcium phosphate did not change due to waterlogging (Mandal, 
1964) which is supported by the findings of this experiment.
Reductant soluble iron phosphate in the flooded soils 
ranged from practically zero in the Midland #1 to 79.5 ppm 
in the Sharkey (Table 14). There was a significant decrease 
in the reductant soluble iron phosphate due to flooding in 
all the soils without exception. This is a very interesting 
fact insofar as chemistry of the flooded soil is concerned.
This fraction of phosphorus, in the waterlogged soil ex­
pressed as percentage of air dry samples, varied from zero 
to 88.9%. In general the soils containing higher amounts of 
organic matter resulted in a better reducing condition and 
consequent depletion of the reductant soluble fraction of 
phosphorus. This may be explained from the point of view of 
the instability of ferric oxide coatings in a reducing 
system. One ml of 0.2% glucose was added to one gram sam­
ples of each soil irrespective of their organic matter
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Table 14
Effect of Waterlogging on Native
Reductant Soluble Iron Phosphate in ppm
Soil No. and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 33.7 13.5 40 .0
2 Calhoun 57.3 44.6 77.8
3 Commerce 82 .5 38.1 46.2
4 Crowley # 1 31.9 19.1 60 . 0
5 Crowley # 2 32.2 12.9 40.0
6 Cypremort 32.1 25.7 80.0
7 Hebert 82.0 56.8 69.2
8 Mho on 110.3 51.9 47.0
9 Midland # 1 1 2 . 8 0 . 0 0 . 0
1 0 Midland # 2 45.2 38.8 85.7
1 1 Miller 59.1 46.0 77.9
1 2 Olivier (8 -0 - 8 ) 69.5 50.5 72.7
13 Olivier (8-0-8+L) 37. 8 25.2 66.7
14 Olivier (8 - 8 - 8 ) 75.9 69.6 91.7
15 Olivier (8 - 8 - 8 +L) 50.5 50.5 1 0 0  . 0
16 Olivier 8 8 . 6 76.0 85.7
17 Perry 107. 8 26 .9 25.0
18 Pulaski 50 .4 18.9 37.5
19 Sharkey 119.2 79.5 6 6  .7
2 0 Yahola 56.8 50.5 88.9
Mean 61.8 39.8 64.3
* Waterlogged for 60 days.
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content, which may have been responsible in bringing about 
visible reducing condition in all the soils at least in part 
and consequent depletion of reductant soluble (nonextract- 
able) iron phosphate.
Reductant soluble iron phosphate is of importance in 
the phosphate fertility of submerged soils even though this 
has been discounted for upland soils (Chang and Jackson,
195 8 ) . The inconsistencies of phosphate response by rice in 
flooded soils is possibly due to the difference in amounts 
of the reductant soluble iron phosphate fraction (Davide,
1960).
The process of formation of reductant soluble phosphate 
(occluded phosphate) is slow (Bauwin and Tyner, 1957b and 
Hsu and Jackson, 1960) and the condition in a waterlogged 
soil is not favorable for its formation. Therefore it is 
expected that this fraction would be continually depleted in 
flooded soils. The results presented clearly demonstrate 
the importance of reductant soluble iron phosphate in the 
phosphate fertility of waterlogged soils.
Flooding initially tends to lower the pH of the soil; 
after 2 - 3  days it starts to rise rapidly. The initial 
drop in the soil pH is probably due to accumulation of or­
ganic acids associated with anaerobic respiration of micro­
organisms (Yamane, 1961) and hydrolysis of aluminum and iron 
from the clay mineral. In time the disappearance of oxygen 
and the development of reducing conditions increase the in­
stability of iron phosphate (Fe-P and reductant soluble
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+ 3 +2Fe-P). The iron in the Fe form is reduced to soluble Fe
form releasing some of the phosphates as follows:
Fe(0H)2 H 2 P0 4 + e~ t Fe+ 2  + 20H" + H 2 PO~ (1)
a k o h ) 3 + h 2 po4 ■ ■ -> ai(oh)2 h2 po4 + OH" (2)
Reaction (1) occurs upon reduction of the iron phosphate re­
sulting in a release of some of its phosphate. Since alumi­
num is not reduced, it would sorb some of the soluble 
phosphate according to reaction (2). As the soil is dried 
the presence of excess iron in the soil solution becomes re­
oxidized and adsorbs the remaining soluble phosphate.
These reactions are believed to be surface sorption 
phenomenon in which the soluble phosphate from the reductant 
soluble phosphate is sorbed on the solid phases of hydrox­
ides of aluminum and iron formed on the clay mineral sur­
faces. The release of hydroxyl ions from the reactions 
cited above is probably greatly responsible for the increase 
in the pH of the soil after flooding.
Data on occluded aluminum and iron phosphate for both 
air dry and waterlogged soils are presented in Tables 6 and 
8 respectively. It can be seen that the occluded aluminum 
phosphate content of both air dry and waterlogged samples 
was more or less constant, although slight variation existed 
in individual cases. This fraction, however, was very small 
compared to other fractions. It constituted on an average 
1.3% of the total inorganic phosphorus both in waterlogged 
and air dry soils.
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Occluded iron phosphate ranged from 1.0 ppm to 6.9 ppm 
in waterlogged soils with an average of 2.7 ppm which con­
stituted 1 .1 % of the total inorganic phosphate, as compared 
to 2 .0 % in the case of air dry soil.
Total inorganic iron phosphate {sum total of 0.1 N NaOH 
soluble, reductant soluble and occluded Fe-P) as seen from 
Tables 6 and 8 ranged from 41.7 ppm to 327.6 ppm in air dry 
soil and from 30.2 ppm to 478 ppm in waterlogged soils. The 
distribution of total iron bound phosphate both under air 
dry and flooded condition showed that this fraction was by 
far the most dominating form of phosphate in the soil.
(ii) Effect of Liming on Native Inorganic Phosphate Frac­
tions and their Transformations on Flooding
An experiment, to study the effects of dolomitic lime­
stone and fertilizers on the yield of cotton and corn in 
annual rotation, has been in progress on the Olivier silt 
soil of Perkins Road Experimental Farm, Baton Rouge since 
19 47. The split plot design was employed in which half of 
the main plots were limed in 19 46 with 3,000 pounds/acre of 
dolomitic limestone to increase the soil pH from 5.4 to 
approximately 6.5. The subplots received varying levels and 
combinations of N, P 2 ° 5 ' anc  ^K 2 ° annuallY at 0 , 24 and 48 
pounds per acre for each nutrient.
Soil samples were collected from the following four 
fertilizer treatment combinations of the above mentioned ex­
periment for the purpose of the study under question: (1 )
8-0-8 + no lime, (2) 8-0-8 + lime, (3) 8 - 8 - 8  + no lime, (4)
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8 - 8 - 8  + lime. The data on native inorganic phosphate frac­
tions of air dry and waterlogged samples are presented in 
Table 15.
An examination of the data clearly shows that applica­
tion of lime reduced all fractions of inorganic P except 
Ca-P in 8-0-8 fertilizer treatment resulting in a decrease 
of total inorganic phosphorus from 153.0 ppm to 94.5 ppm 
under air dry condition. An increase in Ca-P fraction is 
expected because of the lime treatment. The same tendency 
was also observed in 8 - 8 - 8  fertilizer treatment in air dry 
condition and in 8 -0 - 8  fertilizer treatment in waterlogged 
condition due to lime application. The Ca-P fraction of 
8 - 8 - 8  fertilizer treatment under waterlogged condition 
slightly increased while all the other fractions decreased.
The reduction of total inorganic P both under air dry and 
waterlogged condition due to liming may probably be explain­
ed in the light of better crop production and consequently 
higher phosphate utilization in the limed plots as compared 
to no-lime treatment. The results further suggest that lim­
ing increased the availability of both added P and native P 
in the soil.
Mandal (1964) in a study on transformation of inorganic 
phosphate in waterlogged soils observed that in the presence 
of lime, ferric and aluminum phosphate decreased, the former 
considerably and the latter slightly. This decrease may be 
due to hydrolysis. He also reported that Ca-P was increased 
appreciably by liming. Some of the ferric phosphates seem
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Table 15
Effect of Lime on Inorganic Phosphate Fractions 
and Their Transformation on Flooding
Inorganic
Phosphate
Fractions
P in ppm
8 - 0 - 8 8 - 8 - 8
Without 
Lime
With
Lime
Without
Lime
With
Lime
Soil - Olivier (Air Dry)
1 WS&LB-P 0 . 8 1 . 1 1.7 1.4
2 Al-P 7.9 4.9 28.7 18.7
3 Fe-P 59.0 36.4 87.9 72.1
4 Ca-P 8 . 8 1 0  . 1 18.3 18.3
5 RS Fe-P 69.5 37.8 75.9 50 .5
6 0 .Al-P 1.4 1.7 2 . 2 2 , 2
7 0 .Fe-P 5.6 2.5 3.3 3.4
Total 153.0 94 .5 218.0 166 .7
Soil - Olivier (Waterlogged)
1 WS&LB-P 1 . 1 0 . 8 2.4 1.4
2 Al-P 31.0 15.7 73.6 50 .2
3 Fe-P 47.9 42.4 87. 7 80.4
4 Ca-P 10.7 7.6 15. 8 17.1
5 RS Fe-P 50.5 25.2 69.6 50 .5
6 0.Al-P 1 . 8 1.9 2 . 1 2 . 1
7 O.Fe-P 2 . 2 1.9 2.5 1 . 8
Total 145.3 95 .5 253.7 203.5
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to be converted to Ca-phosphates. In acid soils with most 
of the inorganic P as ferric phosphate, the use of lime 
followed by organic matter may increase the availability of 
soil phosphorus under waterlogged condition. Black and 
Goring (1953) reported an increased rate of organic phos­
phorus mineralization in many soils following applications 
of lime which appeared to be sufficient to support heavy 
plant growth.
(iii) Profile Distribution of Native Inorganic Phosphate 
Fractions in a Crowley Silt Loam Soil and their 
Transformations under Flooded Condition 
Contents of inorganic phosphate fractions in a profile 
of Crowley #1 under air dry and waterlogged conditions are 
presented in Tables 16 and 17 respectively. The data show 
that water soluble and loosely bound phosphate,Al-P, Fe-P 
and total inorganic phosphate decreased with the depth of 
the soil. The fractions of Ca-P and reductant soluble Fe-P 
progressively decreased up to the 24" layer of B horizon and 
increased in the 24"-30" layer whose contents of these frac­
tions are equal to or more than that of the upper {9"-18") 
layer of the B horizon. Reductant soluble Fe-P constituted 
a relatively large fraction of all the layers in A and B 
horizons. Increase in reductant soluble fraction of P was 
observed by Hawkins (1960) in Victoria and Houston Black 
profiles. Accumulation of iron compounds at a depth of 
24"-30" with transformation to reductant soluble Fe-P during 
dry period appears to be a plausible explanation of greater
Table 16
Profile Distribution of Inorganic Phosphate Fractions 
in a Crowley Silt Loam (Air Dry) Soil
Total Inorganic P in ppm Total
ngxiz.ua aa^ex
WS&LB-P Al-P Fe-P Ca-P RS Fe-P 0 .Al-P O.Fe-P Total Fe-P
A 0 - 3" 0 , 6 15.0 41.3 16.3 37.5 1.9 1 . 1 113.6 79.9
3"- 9" 0.3 0.9 18.6 2.5 25.0 1 . 6 1.4 50.1 44.9
B 9"-18" 0 . 0 0.3 1 1 . 0 2.5 18.8 1 . 6 1.4 35.5 31.1
18"-24" 0 . 0 0 . 2 8.3 1.9 12.5 2 . 6 2 . 1 27.4 2 2 . 8
24"-30" 0 . 0 0 . 0 7.8 3.1 18.8 2 . 6 1 . 8 34.1 28.4
Table 17
Profile Distribution of Inorganic Phosphate Fractions 
in a Crowley Silt Loam Soil under Waterlogged* Condition
Horizon Layer
Total Inorganic P in ppm Total
Fe-PWS&LB-P Al-P Fe-P Ca-P RS Fe-P 0.Al-P O.Fe-P Total
A 0 - 3" 0 . 0 11.3 58.3 22.5 25.0 2 . 0 1.4 120.4 84.6
3"- 9" 0 . 0 0 . 0 28.6 5.0 12.5 1 . 8 1.3 49.2 42.4
B 9"-18" 0 . 0 0 . 0 16.3 4.4 6.3 1 . 8 1 . 8 30.5 24.3
18 " - 2 4 " 0 . 0 0 . 0 1 0  . 2 4.4 6.3 4.3 2 . 6 27.7 19.0
24"-30" 0 . 0 0 . 0 1 0 . 2 5.0 0 . 0 3.4 2.3 2 0 . 8 12.4
* Waterlogged for 30 days. 126
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amount of reductant soluble Fe-P in that layer. It is also 
probable that some accumulation of calcium has taken place 
in the same layer due to flooding and consequent release to 
the soil water. Part of the Ca could have leached down the 
profile during seasonal flooding and would have combined 
with phosphorus. Both occluded aluminum and iron phosphate 
were relatively low as compared to other fractions. It is 
interesting to note that except for the surface 3" layer, 
reductant soluble iron phosphate is by far the most dominat­
ing fraction of P in the rest of the layers. Total iron 
phosphate (sum of 0.1 N NaOH soluble + reductant soluble 
Fe-P + occluded Fe-P) was higher in surface 0-3" layer of 
the waterlogged soil as compared to air dry soil. But this 
fraction decreased progressively with the depth when the 
soils were flooded compared to those without flooding.
When these soils were incubated under anaerobic condi­
tion for one month, significant transformation of various 
fractions took place. The water soluble and loosely bound 
phosphate fraction was reduced to zero in all the layers of 
each horizon. The Al-P fraction was reduced in the surface 
layer from 15.0 ppm to 11.3 ppm and in other layers to zero. 
Iron bound phosphate increased considerably in all the 
layers of A and B horizon. The Ca-P also increased due to 
flooding in all the layers though the magnitude of increase 
is lower than that of iron bound phosphate. Reductant solu­
ble iron phosphate decreased significantly in all the layers 
due to waterlogging. Occluded aluminum and iron phosphate
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constituting small fractions showed very little change.
Both these fractions appeared to increase in the 18"-24" 
layer and 24"-30" layer of the B horizon under air dry soil,
which increased further due to waterlogging.
With regard to the total inorganic phosphate it may be
observed from Tables 16 and 17 that the content of P de­
creased progressively from the surface soil to the 18"-24" 
layer. The 24"-30" layer showed a slightly higher content 
of total P because of the increase in Ca-P and reductant 
soluble iron phosphate in that layer as mentioned earlier. 
Except for the surface 0-3" layer, total inorganic P de­
creased under flooded conditions as compared to those of air 
dry samples. This is possibly due to the conversion of in­
organic to organic forms of P under flooded condition, Paul 
and DeLong (1949) reported similar results.
(iv) Effect of Added Phosphate Compounds on Inorganic
Phosphate Fractions under Well-drained and Waterlogged 
Conditions
The results of the fractionation of inorganic P from 
the soils that received phosphate compounds in the form of 
AlPO^, FePO^ and CafK^PO^^ and incubated under well-drained 
(1/3 atm. moisture tension) and waterlogged conditions for 
two months are presented in Tables 18 and 19. It can be 
seen from the data that, in general, phosphate materials 
applied as AlPO^, and Catl^PO^^ were converted to aluminum 
and iron phosphate while FePC>4 mostly contributed to the 
soil's iron bound phosphate fraction in the well-drained
Table 18
Effect of Added Phosphate Compounds on Inorganic 
Phosphate Fractions in Soils under Well-drained Conditions
Soil Type and
Inorganic P Fraction in ppm
Phosphate Compound Total WS&LB-P Al-P Fe-P Ca-P RS Fe-P O.A1-P O.Fe-P
AlPO^ @ 200 ppm-P
Crowley #1 287.1 19.0 123.7 97.3 1 2 . 1 31.9 1 . 6 1.5
Midland #1 293.0 9.7 171.1 85.2 11.5 1 2 . 8 1 . 1 1 . 6
Olivier (8-0-8) 295.5 9.9 159.4 80.8 10.7 31.6 0 . 8 2.4
Sharkey 991.2 14.4 2 0 0 . 8 267.7 390.0 106 . 0 6 . 6 5.7
Mean 466.7 13.3 163.8 132.7 106 . 1 45.6 2.7 2 . 8
*FePO^ 0 200 ppm-P
Crowley #1 291.0 1.4 22.3 219.9 1 2 . 1 31.9 1 . 8 1.7
Midland #1 314.9 1 . 2 35.8 226 . 8 1 0 . 2 38.3 1.3 1.4
Olivier (8-0-8) 309.1 0 . 8 25.9 236.8 10.7 31.6 1.5 1 . 8
Sharkey 949.7 3.7 49.7 419.9 377.5 8 6 . 1 7.4 5.4
Mean 466.2 1 . 8 33.4 275.8 1 0 2 . 6 47.0 3.0 2 . 6
Ca(H2 P0 4 ) 2 0 400 ppm-P 
Crowley #1 486.1 71.4 216.7 139.9 21.7 31.9 2 . 1 2.5
Midland #1 418.5 40.9 207.0 112.4 16.6 38.3 1 . 0 2.7
Olivier (8-0-8) 471.7 30.3 229.7 112.9 17.7 75.8 1.4 3.9
Sharkey 1,223.4 41.1 311.6 360.6 391.0 106 . 0 6.5 6.9
Mean 649.9 45.9 241.2 181.5 111.7 63.0 2 . 8 4.0
* Uncorrected data. 129
Table 19
Effect of Added Phosphate Compounds on Inorganic 
Phosphate Fractions in Soils under Waterlogged Conditions
Soil Type and
Inorganic P Fraction in ppm
Phosphate Compound Total WS&LB-P Al-P Fe-P Ca-P RS Fe-P 0 .Al-P O.Fe-P
AlPO^ @ 200 ppm-P 
Crowley #1 265.9 0.5 90.5 126.2 19.8 25.5 1 . 6 1 . 8
Midland #1 305. 8 3.8 216.9 72.9 3.8 6.4 0.9 1 . 0
Olivier (8-0-8) 280.5 12.5 163.6 76.4 7.6 19.0 1 . 2 0.3
Sharkey 959.0 0.7 87.8 491.7 324.5 46.4 4.7 3.2
Mean 452. 8 4.4 139. 8 191.8 88.9 24.3 2 . 1 1 . 6
*FePO^ @ 200 ppm-P
Crowley #1 306 . 8 0 . 0 70.1 184.8 22.9 25.5 2 . 0 1.4
Midland #1 322 .9 2.7 159.7 140.5 4.5 1 2  . 8 1.3 1.5
Olivier (8-0-8) 354.2 1 1 . 0 112.4 195.8 7.6 25 .3 1.3 0.9
Sharkey 1,070.9 0.3 113.9 529.8 337.5 79.5 5.0 4.9
Mean 513.7 3.5 114.0 262. 7 93.1 35.8 2.4 2 . 2
Ca(H2 P04)2 @ 400 ppm-P 
Crowley #1 545.4 3.8 253.3 227.8 31.9 25.5 1 . 6 1 . 8
Midland #1 469.2 6.4 190.0 228.4 1 0 . 2 31.9 1 . 2 1 . 1
Olivier (8-0-8) 502.3 83.4 221.7 132.0 1 2 . 6 50.5 1.4 1 . 1
Sharkey 1,230.7 1.3 152.3 655.7 331.1 79.5 4.8 6 . 0
Mean 686.9 23.7 204.3 311.0 96 .5 46 .9 2 . 2 2.5
* Uncorrected data. 130
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soil. In the waterlogged soil, however, the Al-P fraction 
increased due to the addition of FePO^.
Table 20 shows that water soluble and loosely bound 
phosphate decreased in general in AlPO^ and Ca(H2 P0 4 ) 2  
treated samples and increased in FePO^ treated samples due 
to waterlogging. The Olivier (8-0-8), however, showed an 
increased amount of this fraction with all forms of phos­
phate applied under flooded condition. Addition of 
Ca(H2 P0 4 ) 2 at 400 ppm-P resulted in maximum increases of 
water soluble and loosely bound P fraction in the well- 
drained series. This is of course expected because among 
the three forms of phosphate compounds, Ca(H2 P0 4 ) 2 was the 
only water soluble form used in this experiment.
Waterlogging resulted in the decrease of aluminum phos­
phate fraction in A1PC>4 and Ca(H2 P0 4 ) 2 treated samples and 
an increase in the FeP0 4 treated samples. Highest Al-P was, 
however, obtained from Ca(H2 P 0 4 ) 2 treated samples both under 
well-drained and waterlogged conditions as seen from Table 
21. This is normally expected since monocalcium phosphate 
was added at 400 ppm-P as compared to 200 ppm in case of 
A1P0 4 and FeP04 treatments. The effectiveness of different 
phosphate sources in their transformation to Al-P form may 
be ranked as A1P04 > MCP > FePC>4 in the well-drained condi­
tions and A1P0 4 > FePC>4 > MCP in the waterlogged soils.
This also showed that the water soluble Ca(H 2 P0 4 ) 2 had been 
converted to water insoluble form with its transformation to 
Al-bound, or later to the iron bound P forms.
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Table 20
Effect of Added Phosphate Compounds on
Water Soluble and Loosely Bound P in ppm
Soil Type and 
Phosphate Compound
Well-drained Waterlogged % of Well- 
drained
aipo 4 @ 200 ppm-P
Crowley # 1 19.0 0.5 2.7
Midland # 1 9.7 3.8 39.4
Olivier (8 - 0 - 8 ) 9.9 12 .5 127.0
Sharkey 14.4 0.7 4.6
Mean 13. 3 4.4 43.4
FePO^ @ 200 ppm-P
Crowley #1 1.4 0 . 0
Midland #1 1 . 2 2.7 233.0
Olivier (8-0-8) 0 . 8 1 1 . 0 1,446.1
Sharkey 3.7 0.3 7.0
Mean 1 . 8 3.5 421.5
Ca(H 2 P0 4 ) 2 @ 400 ppm-P
Crowley #1 71. 4 3.8 5.4
Midland #1 40.9 6.4 15.6
Olivier (8-0-8) 30.3 83.4 275.0
Sharkey 41.1 1.3 3.2
Mean 45.9 23.7 74. 8
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Table 21
Effect of Added Phosphate Compounds on
Aluminum Phosphate in ppm
Soil Type and 
Phosphate Compound
Well-drained Waterlogged % of Well- 
drained
aipo 4 @ 200 ppm-P
Crowley # 1 123.7 90.5 73.2
Midland # 1 171.1 216 .9 126.8
Olivier (8 -0 - 8 ) 159.4 163.6 1 0 2 . 6
Sharkey 2 0 0 . 8 87.8 43.7
Mean 163. 8 139.8 85.4
FePO^ @ 200 ppm-P
Crowley #1 22.3 70.1 314.2
Midland #1 35.8 159.7 446 .4
Olivier (8-0-8) 25.9 112.4 434.2
Sharkey 49.7 113.9 229.3
Mean 33.4 114.0 341.3
Ca(H2 P0 4 ) 2 @ 400 ppm-P
Crowley #1 216 .7 253.3 116 .9
Midland #1 207.0 190.0 91.8
Olivier (8-0-8) 229.7 221.7 96.5
Sharkey 311.6 152.3 48.9
Mean 241.2 204. 3 84.7
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The data in Table 2 2 show that under well-drained and 
waterlogged conditions FePO^ treated samples exhibited the 
maximum amount of iron bound phosphate which is normally ex­
pected. Next in order are AlPO^ and Cafl^PO^^ treated sam­
ples. While there was an increase in the Fe-P fraction in 
AlPO^ and CatE^PO^^ treated samples due to waterlogging, 
there'was a slight decrease in this fraction in the Fe-P 
treated flooded samples as compared to well-drained samples. 
This reduction could be due to refixation of excess soluble 
P in the presence of incompletely reduced iron present in 
the system.
In general, the Ca-P fraction remained constant irre­
spective of the source of phosphate (Table 23). Water­
logging, however, slightly decreased the Ca-P fractions in 
all phosphate treated series though with individual soils 
the trend was slightly different. Only one soil, Crowley #1 
showed an increase in the Ca-P fraction due to waterlogging 
under all phosphate treatments; all the rest of the soils 
showed definite decrease in this fraction.
Table 2 4 shows that reductant soluble iron phosphate 
invariably decreased in all cases due to waterlogging. In 
terms of absolute quantity of reductant soluble iron phos­
phate, AlPO^ and FePO^ treated samples showed more or less 
the same effect while with Cafl^PO^^ treatment applied at 
400 ppm this fraction showed some increase in well-drained 
series. Crowley #1 showed a very consistent behavior in 
respect of reductant soluble iron phosphate both under well-
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Table 22
Effect of Added Phosphate Compounds on
Iron Phosphate in ppm
Soil Type and 
Phosphate Compound
Well-drained Waterlogged % of Well- 
drained
A1P0 4 @ 200 ppm-P
Crowley # 1 97.3 126.2 129.7
Midland # 1 85.2 72.9 85.4
Olivier (8 -0 - 8 ) 80.8 76.4 94.6
Sharkey 267.7 491.7 183.7
Mean 132.7 191. 8 144.5
FePO^ @ 200 ppm-P
Crowley #1 219.9 184.8 84.1
Midland #1 226.8 140.5 62.0
Olivier (8-0-8) 236.8 195 . 8 82.8
Sharkey 419.9 529 . 8 126.2
Mean 275.8 262.7 95.3
Ca(H2 P0 4 ) 2 @ 400 ppm-P
Crowley #1 139.9 227. 8 162. 8
Midland #1 112.4 228.4 203.1
Olivier (8-0-8) 112.9 132.0 116.9
Sharkey 360.6 655.7 181. 8
Mean 181.5 311.0 171.4
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Table 2 3
Effect of Added Phosphate Compounds on
Calcium Phosphate in ppm
Soil Type and 
Phosphate Compound
Well-drained Waterlogged % of Well- 
drained
AlPO^ @ 200 ppm-P
Crowley #1 1 2 . 1 19.8 16 3.2
Midland #1 11.5 3.8 33.3
Olivier (8-0-8) 10 .7 7.6 70.6
Sharkey 390.0 324.5 83.2
Mean 106.1 88.9 83. 8
FePO^ @ 200 ppm-P
Crowley #1 1 2 . 1 22.9 189.6
Midland #1 1 0 . 2 4.5 43.7
Olivier (8-0-8) 10.7 7.6 70.6
Sharkey 377.5 337.5 1 0 0 . 0
Mean 1 0 2 . 6 93.1 90.7
Ca(H2 P0 4 ) 2 @ 400 ppm-P
Crowley #1 21.7 31.9 147.0
Midland #1 16 . 6 1 0 . 2 61.5
Olivier (8-0-8) 17.7 1 2 . 6 71.4
Sharkey 391.0 331.1 84.7
Mean 111.7 96 .5 83.3
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Table 24
Effect of Added Phosphate Compounds on
Reductant Soluble Iron Phosphate in ppm
Soil Type and 
Phosphate Compound
Well-drained Waterlogged % of Well- 
drained
aipo 4 @ 200 ppm-P
Crowley # 1 31.9 25.5 80.0
Midland # 1 1 2 . 8 6.4 50.0
Olivier (8 - 0 - 8 ) 31.6 19.0 60 . 0
Sharkey 106.0 46 .4 43.8
Mean 45.6 24.3 53.4
FePO^ @ 200 ppm-P
Crowley #1 31.9 25.5 80 . 0
Midland #1 38.3 1 2 . 8 33.3
Olivier (8-0-8) 31.6 25.3 80.0
Sharkey 8 6 . 1 79.5 92.3
Mean 47.0 35.8 76 .1
Ca(H 2 P0 4 ) 2 @ 400 ppm-P
Crowley #1 31.9 25.5 80 . 0
Midland #1 38.3 32.0 83.4
Olivier (8-0-8) 75.8 50 .5 6 6  .7
Sharkey 106.0 79.5 75.0
Mean 63.0 46 .9 74.4
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drained and flodded condition. There were, however, no con­
sistent relations between the surface sorbed Fe-P and.reduc- 
tant soluble P for the soils studied. This finding 
corroborates the conclusion of Tyner and Davide (1962).
Data on occluded aluminum and iron phosphate presented 
in Tables 18 and 19 showed that these fractions of inorganic 
phosphates are very small as compared to other fractions.
Both occluded aluminum and occluded iron phosphates did not 
change much due to the addition of various sources of phos­
phate compounds. In general, waterlogging resulted in 
slight decrease in these fractions although individual soils 
varied in this respect.
(v) Effect of Soil pH on Transformation of Added Phosphate
Compounds in Flooded Condition
Effect of soil pH on inorganic P fractions of Crowley 
#1 that had received AlPO^ and FePO^ at 200 ppm-P was stud­
ied under waterlogged conditions. Results on the transfor­
mation of added phosphate as affected by various soil pHs 
are presented in Table 25 below. The data on native inor­
ganic phosphate fractions of the same Crowley soil have also 
been included in the table for the purpose of comparison.
It might be seen from the above table that total inorganic 
phosphate averaged over different pH levels remained more or 
less constant between AlPO^ and FePO^ treatments though 
among pH levels there were slight variations.
The water soluble and loosely bound P at pHs 3.4 to 4.9 
increased in both AlPO^ and FePO^ treatments. With further
Table 25
Effect of Soil pH on the Transformation of Added 
Phosphate Compounds under Waterlogged* Condition
Soil - Crowley #1
Phosphate Compound Inorganic P :
Fraction in ppm
and Soil pH Total WS&LB-P Al-P Fe-P Ca-P RS Fe-P 0 .Al-P O.Fe-P
Native phosphate 90.6 0.5 17.9 34.6 14.7 19.1 2.4 1.4
A1P04 @ 200 ppm-P
1
4.0 286.2 8.4 146.0 76.2 14.7 38.2 1.4 1.3
4.9 357.4 7.8 136.5 97.3 11.5 1 0 2 . 0 1 . 2 1.3
6 . 8 338.4 0 . 6 1 2 2 . 6 109.5 20.4 82.9 1 . 2 1.3
7.9 333.7 0.5 114.2 118.3 26.8 70.1 1 = 9 2 . 0
9.0 325.6 4.6 127.6 1 1 2 . 2 27.4 51.0 1.7 1.3
Mean 328.3 4.4 129.4 1 0 2  . 8 2 0  . 1 6 8 . 8 1.5 1.4
**FeP04 @ 200 ppm-P
3.4 304.0 1 . 2 20.4 239 .0 8.9 31.9 1.5 1 . 2
4.6 315.2 0.5 2 1 . 0 216.7 1 0 . 8 63.7 1.3 1 . 2
6.9 315.2 0 . 1 33.1 229 .4 17.8 31.9 1.3 1.5
8 . 0 354.3 0 . 0 63.7 191.2 25.5 70.1 2 . 0 1 . 8
9.2 340.6 0 . 1 37.6 219.9 22.3 57.4 1.5 1 . 8
Mean 325.9 0.4 35.2 219.2 17.1 51.0 1.5 1.5
* Waterlogged for 30 days.
** Uncorrected data. 139
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increase in pH there was decrease in water soluble and 
loosely bound P, until the pH level reached 9.0 when this 
fraction increased again. Since the pH was adjusted by 
addition of NaOH, it would be expected that at high pH 
levels Na-P would be formed which is highly water soluble.
The AlPO^ treated samples, however, gave higher amounts of 
water soluble and loosely bound phosphates than did the 
FePO^ treated samples. The AlPO^ treated samples showed a 
decrease in the Al-P fraction and an increase in the Fe-P 
and Ca-P fractions in general, with increase in pH. The Al-P 
and Ca-P fractions increased up to pH 8 and the Fe-P frac­
tion increased up to pH 6.9 in the case of FePO^ treated 
samples only. At pH 9.2 there was a slight decrease in the 
Al-P and Ca-P fraction and a slight increase in the iron 
bound phosphate in the FePO^ treated samples. Reductant 
soluble iron phosphate showed erratic behavior under differ­
ent pH levels. Occluded aluminum and iron phosphate frac­
tions were small as usual and did not seem to be affected by 
various pH levels.
Olsen and Fried (1957) discussing the soil phosphorus 
and fertility problems noted that iron and aluminum phos­
phates are least soluble in soils of pH near 4.0 and become 
quite soluble at about pH 8.5. Fujiwara (1950b) explained 
that the solubility of both natural and artificial phos­
phates of aluminum and iron was influenced by the degree of 
crystallinity and that freshly precipitated phosphates de­
creased in solubility with time despite precaution against
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dehydration.
E . Studies on Extractable Phosphorus
Under this section, results of five experiments have 
been presented and discussed under appropriate titles..
(i) Effect of Flooding on Extractable Phosphorus
Data on the extractable phosphorus (extracted with 0.1 
N HC1 + .03 N NH^F) for both air dry and waterlogged soil 
samples are presented in Table 26. The results show that 
flooding for 55 days resulted in an increase of the extract- 
able P which ranged from a low of 37.5 ppm-P in Crowley #1 
to a maximum of 511.8 ppm-P in Sharkey soil with an average 
of 189.3 ppm. The extractable P ranged from 18.1 ppm in 
Midland #2 to 35 8.7 ppm in Yahola soil in the case of air 
dry samples, the mean extractable phosphorus being 124.0 ppm. 
Flooding resulted in a considerable increase in extractable 
phosphorus as compared to air dry samples in almost all the 
soils with the solitary exception of the Yahola soil. As 
was discussed earlier the Yahola soil contained a large 
quantity of water soluble phosphate. As a result of water­
logging and consequent reducing conditions, some of the re­
leased phosphates might have been sorbed by aluminum forming 
A1 (OH)2 H 2 pO ^ . This reaction seems to be a surface sorption 
phenomenon which might have resulted in the decrease in ex­
tractable P due to flooding in the case of Yahola soil. The 
decrease in extractable phosphorus upon flooding also may 
have been due to the incorporation of water soluble and
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Table 26
Effect of Flooding on Extractable Phosphorus
Soil No. and Name Air Dry
ppm-P
Waterlogged* % of Air Dry
1 Baldwin 140 .2 339.6 242.3
2 Calhoun 61.2 139.1 227.5
3 Commerce 284.4 298. 7 105.0
4 Crowley #1 20.4 37.5 183.8
5 Crowley #2 2 0 . 6 59.4 288.8
6 Cypremort 46.2 80.9 175.0
7 Hebert 161.5 201.4 124.7
8 Mho on 326.9 452.3 138. 3
9 Midland #1 28.1 59.0 2 1 0 . 1
1 0 Midland #2 18.1 48.8 270.1
1 1 Miller 347.1 386.5 111.4
1 2 Olivier (8-0-8) 30.3 76.9 253.8
13 Olivier (8-0-8+L) 17.7 42.4 239 .9
14 Olivier (8 - 8 - 8 ) 75.9 138.2 182.1
15 Olivier (8 - 8 - 8 +L) 50.5 95.5 189 .0
16 Olivier 40.5 95. 7 236.3
17 Perry 8 6 . 2 260.3 301.9
18 Pulaski 90. 8
>
127.1 140 .0
19 Sharkey 275.5 511.8 185.8
2 0 Yahola 358.7 334.2 93.2
Mean 124.0 189.3 152.6
* Waterlogged for 55 days.
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easily released phosphate into the organic fractions as a 
result of biological activity.
The reason for increase in extractable phosphorus due 
to flooding has been discussed earlier. It should be men­
tioned here, however, that reduction of ferric to ferrous 
phosphate and the instability of reductant soluble iron 
phosphate in reducing conditions are largely responsible for 
the increase in extractable P. The results showed that ex­
tractable P increased from almost 5% in the Commerce soil to 
as high as 201.9% in Perry clay with an average of 52.6%.
This variation in the magnitude of increase in the extract- 
able P among the soils is possibly influenced by many fac­
tors among which organic matter content of the soil is one 
which is indirectly responsible in increasing extractable P 
by bringing about faster reducing condition. It may be 
pointed out here that Perry clay contained the maximum 
amount of organic matter, 5.93%, among the twenty soils in­
vestigated. Redman and Patrick (1965) reported from an 
earlier study that extractable P increased by 21% due to 
submergence.
Liming seemed to decrease the extractable phosphorus 
both in 8-0-8 and 8 - 8 - 8  treated plots of Olivier silt soils. 
This is possibly due to better utilization of phosphorus by 
crops as a result of increased availability due to liming.
If liming has resulted in a greater percentage of P present 
as Ca-P, then submergence would not affect this fraction as 
much as Fe-P. This may also be an explanation for lower
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increase in P upon waterlogging. In an acidic red loam soil 
of Bihar (India) the available phosphate content of the soil 
also did not increase due to liming. On the other hand, 
there was a definite increase of phosphate concentration in 
plant leaves in the limed plots, indicating higher uptake of 
phosphate by plants due to liming (Rai et a l ., 1963).
(ii) Effect of Duration of Flooding on Extractable 
Phosphorus
All twenty soils were incubated under anaerobic condi­
tion for 30, 55 and 75 days at which time the soils were 
analyzed for extractable P. The relevant data are presented 
in Table 27. It may be seen from the table that in many 
soils after an initial increase, there was a reduction in 
the extractable P on the 55th day and a rise again on the 
75th day. However, in soils like Crowley, Midland, Olivier 
(8-0-8) and Perry there was a progressive increase in ex­
tractable P from 30th day to 75th day though the rate of 
increase was rather slow between 30th and 55th day. It may 
be explained by the fact that soon after flooding phosphate 
increased apparently through hydrolysis of AlPO^ and reduc­
tion of FePO^. After waterlogging for a longer period, less 
phosphate was extracted probably due to fixation. Mitsui 
(1954) found that when flooding was extended to longer 
periods, a decrease in phosphate solubility with time oc­
curred on both flooded and nonflooded soils. This was evi­
dent in decreasing A-values (Valencia, 1962) . Flooding 
generally increased the amount of soluble P but decreased
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Table 27
Effect of Duration of Waterlogging
on the Extractable P
Soil No. and Name
ppm -P
Air Dry
Period of Waterlogging
30 days 55 days 75 days
1 Baldwin 140.2 369.7 339.6 346.1
2 Calhoun 61.2 156.9 139.1 174.8
3 Commerce 284.4 405.3 29 8 o 7 440.7
4 Crowley # 1 20.4 37.5 37.5 53.5
5 Crowley # 2 2 0 . 6 55. 8 59.4 72.0
6 Cypremort 46.2 82.6 80.9 104.1
7 Hebert 161.5 240.2 201.4 233.2
8 Mhoon 326.9 573.9 452 .3 617.5
9 Midland # 1 28.1 55.4 59 .0 71.5
1 0 Midland # 2 18.1 38.0 48. 8 52.4
1 1 Miller 347.1 471.1 386.5 500.5
1 2 Olivier (8 - 0 - 8 ) 30.3 74.2 76.9 90 .2
13 Olivier (8-0-8+L) 17.7 44.2 42.4 61.8
14 Olivier (8 - 8 - 8 ) 75.9 152.3 138.2 150 . 6
15 Olivier (8 - 8 - 8 +L) 50.5 1 2 0 . 1 95.5 113.1
16 Olivier 40 .5 113. 4 95.7 117.0
17 Perry 8 6  . 2 256.4 260.3 263.9
18 Pulaski 90.8 173.1 127.1 158.9
19 Sharkey 275.5 518.9 511.8 571.0
2 0 Yahola 358. 7 495.1 334.2 480 .9
Mean 124.0 221.7 189.3 233.7
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slightly later due to the lowering of pH (Chiang, 1963) .
Soils containing appreciable amounts of ferric phosphate 
under anaerobic conditions may increase the P supply to 
plants but the soils without FePO^ will show a decrease in 
available P (Williams, Bromfield and Williams, 1958) . 
Ponnamperuma (1965) observed that phosphorus extractable in 
Morgan's solution increased during the first 20 - 30 days 
after flooding and then decreased.
(iii) Effect of Added NO^-N on Extractable P in Waterlogged 
and Well-drained Conditions 
Soil samples with and without 1,000 ppm NO^-N were 
maintained under anaerobic conditions for 30 days. A third 
set of samples was maintained under 1 0 0 % oxygen in well- 
drained (1/3 atm. moisture tension) conditions for the pur­
pose of comparison. The data on the extractable phosphorus 
are presented in Tables 28 and 29. It can be seen from 
these results that addition of NO^-N at 1,000 ppm resulted 
in a significant decrease in extractable phosphorus and this 
decrease varied from practically zero to 52.4%. These re­
sults are, of course, expected since combined 0 2 in the form 
of NO^ worked as an electron acceptor in the absence of free 
oxygen, thereby not allowing the soils to be reduced for a 
certain length of time in spite of their being waterlogged 
and incubated in the absence of free oxygen. The addition 
of NO^-N, therefore, kept the soil oxidized for at least 
part of the one month period of incubation and resulted in a 
decrease in extractable phosphorus as compared to that of
Table 28
Effect of Added NO^-N on Extractable P under Waterlogged* Condition
Soil No. and Name
ppm-P
% Decrease 
Due to Adde<
no 3 -n**
Waterlogged
without
n o 3-n
Waterlogged
with
no 3 -n**
% of Water­
logged without
n o 3-n
1 Baldwin 369.7 196.0 53.0 47.0
2 Calhoun 156.9 87.4 55.7 44.3
3 Commerce 405.3 405.3 1 0 0 . 0 0 . 0
4 Crowley # 1 37.5 25.9 69.1 30.9
5 Crowley # 2 55.8 33.3 59.7 40.3
6 Cypremort 82.6 70.1 84.9 15.1
7 Hebert 240.2 208.4 8 6  . 8 13.2
8 Mhoon 573.9 435.9 76.0 24.1
9 Midland # 1 55.4 36.6 6 6 . 1 33.9
1 0 Midland # 2 38.0 18.1 47.6 52.4
1 1 Miller 471.1 412.1 87.5 12.5
1 2 Olivier (8 -0 - 8 ) 74.2 45.9 61.9 38.2
13 Olivier (8-0-8+L) 44.2 35.3 79.9 2 0 . 1
14 Olivier (8 - 8 - 8 ) 152.3 113.3 74.4 25.6
15 Olivier (8 - 8 - 8 -KL) 1 2 0 . 1 84.9 70.7 29.3
16 Olivier 113.4 70.8 '62.4 37.6
17 Perry 256.4 226 ,3 88.3 11.7
18 Pulaski 173.1 . 134.1 77.5 22.5
19 Sharkey 518.9 378.2 72.9 27.1
2 0 Yahola 495.1 473.9 95.7 4.3
Mean 221.7 174.6 78.8 2 1 . 2
* Waterlogged for 30 days.
** NOg-N was added @ 1 , 0 0 0  ppm. 1
4
7
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Table 29
Relative Effects of Well-drained (without NO^-N) 
and Waterlogged (with NO 3 -N) Conditions 
on the Extractable Phosphorus
O  n 1 AT
ppm--P
J  U  JL. J. l i W  •
and
Name
Well-drained
without
n o 3-n
Waterlogged
with
no 3 -n*
% of 
Well-drained
1 Baldwin 182.3 196.0 107.5
2 Calhoun 80.9 87.4 108.0
3 Commerce 436.0 405.3 93.0
4 Crowley #1 25.8 25.9 100.4
5 Crowley #2 30.4 33.3 109.5
6 Cypremort 64.7 70.1 10 8.3
7 Hebert 203.5 208.4 102.4
8 Mhoon 420.6 435.9 10 3.6
9 Midland #1 37.1 36.6 98.7
1 0 Midland #2 20.9 18.1 8 6 . 6
1 1 Miller 418.5 412.1 98.5
1 2 Olivier
(8 -0 - 8 )
41.7 45.9 1 1 0 . 1
13 Olivier
(8-0-8+L)
23. 7 35.3 148.9
14 Olivier
(8 - 8 - 8 )
83.6 113.3 135.5
15 Olivier 
(8 - 8 - 8 +L)
61.2 84.9 138.7
16 Olivier 48.7 70.8 145.4
17 Perry 99.0 226.3 228.5
18 Pulaski 125.3 134.1 107.0
19 Sharkey 343.7 378.2 1 1 0 . 0
2 0 Yahola 493.2 473.9 96.1
Mean 162.0 174.6 10 7. 8
* N 0 3“N was added @ 1 , 0 0 0  ppm.
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waterlogged samples without NO^-N for the entire period of 
one month.
An examination of the data presented in Table 29 
reveals that addition of 1 , 0 0 0  ppm NO^-N to the waterlogged 
soil samples is as good as maintaining the soil under 1 0 0 %
C>2 at I/ 3 atm. moisture tension insofar as their effects on 
the extractable phosphorus is concerned. This finding is of 
practical importance in phosphate fertility of the rice 
soils. It is, however, fortunate that NH^-N is preferred to 
NO^-N for flooded rice soils for better utilization of ni­
trogen. Application of NO^-N to waterlogged soil is not 
onjly inadvisable from the point of view of nitrogen avail­
ability and utilization but from phosphate availability as 
well.
(iv) Effect of Added Phosphates on Extractable Phosphorus 
under Well-drained and Waterlogged Conditions
Data on the extractable phosphorus from soils treated 
with various phosphate compounds incubated under different 
soi1-water conditions are presented in Table 30. The re­
sults clearly show an increase in extractable phosphorus due 
to waterlogging over the well-drained series irrespective of 
the source of phosphate. So far as the efficiency of vari­
ous added phosphate compounds in increasing the extractable 
P under waterlogged condition over that of well-drained 
series is concerned they may be ranked as FePO^ > AlPO^ > 
CaJI^PO^^* Individual soils, however, vary in their reac­
tion to addition of phosphate compounds under well-drained
Table 30
Effect of Added Phosphates on Extractable Phosphorus 
under Well-drained and Waterlogged Conditions*
Soil Type and 
Phosphate Compound
Extractable P in ppm % of 
Well-drained
B.E.P
(Native
A.D.
P)
W.L.
Well-drained Waterlogged
AlPO^ @ 200 ppm-P
Crowley #1 217.4 242.6 1 1 1 . 6 20 .4 37.5
Midland #1 293.9 314.6 107.0 28.1 59 .0
Olivier (8-0-8) 252.6 293.5 116.2 30.3 76.9
Sharkey 459.9 890.1 193.6 275.5 511.8
Mean 306.0 435.2 142.2 8 8 . 6 171.3
FePO^ @ 200 ppm-P
Crowley # 1 33.9 199.8 590 .2 20.4 37.5
Midland # 1 51.1 2 8 6 . 1 559.8 28.1 59.0
Olivier (8 -0 - 8 ) 175.0 244.0 139.4 30.3 76.9
Sharkey 599. 8 852.3 142.1 275.5 511.8
Mean 214.9 395.6 184.0 8 8 . 6 171.3
Ca(H2 P0 4 ) 2 @ 400 ppm-P
Crowley # 1 486 .0 546.0 112.4 20.4 37.5
Midland # 1 568.8 669.0 117.6 28.1 59 .0
Olivier (8 -0 - 8 ) 535.6 555.4 103.7 30.3 76 .9
Sharkey 775.7 1/297.3 167.3 275.5• 511.8
Mean 591.5 766.9 129.7 8 8 . 6 171.3
B.E.P. = Bray Extractable P
A.D. = Air Dry W. L. = Waterlogged
* Incubated for 55 days»
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and flooded conditions. The maximum increase in the ex­
tractable P due to flooding on percent basis was seen in the 
Crowley and Midland soils under FePO^ treatment. The next 
soil in order of the magnitude of the increase in extract- 
able P due to waterlogging over that of well-drained treat­
ment was the Sharkey which showed an increase of 93.6 and 
61.3% respectively under AlPO^ and C a f ^ P O ^ ^  treatments.
For all the soils the relative ranking of phosphate sources 
in terms of absolute amounts of extractable P under both 
well-drained and waterlogged conditions was Caff^PO^^ >
AlPO^ > FePO^. In other words phosphate retention in the 
soil was highest with the FePO^ followed by AlPO^. Monocal­
cium phosphate gave a high recovery of extractable P both 
under well-drained and waterlogged conditions possibly due 
to high solubility of this compound in water. Besides the 
presence of the Ca compound in the soil may have increased 
the biological decomposition of organic matter and conse­
quent mineralization of organic P. Slightly high recovery 
of extractable P in some of the treatments may also be due 
to the heterogeneous mixture of phosphate compounds with the 
soils .
Much of the phosphate added as FePO^ was not extract- 
able after 55 days of incubation under well-drained condi­
tion in the case of Crowley and Midland soils. A modest 
amount of FePO^ added at 200 ppm was not recovered from the 
Olivier (8-0-8) both under well-drained and waterlogged con­
ditions. On the contrary most of the P was extractable from
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these soils when treated with AlPO^ and CatH^PO^^ irrespec­
tive of the soil-water condition. The Sharkey soil showed 
some amount of unrecovered A 1 P0 4 under well-drained condi­
tion only.
(v) Effect of Successive Extractions with Bray No. 2
Extractant on Extractable Phosphorus of Well-drained
and Waterlogged Soils
All the twenty soils incubated Under waterlogged condi­
tion for 75 days were successively extracted four times with 
Bray No. 2 extractant (0.1 N HC1 + 0.03 N NH^F) with a soil: 
extractant ratio of 1:20 after shaking for 15 minutes. The 
results are presented in Table 31 and Figures 2a to 2d. It 
might be seen from the table that the amount of extractable 
phosphorus was highest in the first extract as is expected 
and progressively decreased up to the 4th extract. But it 
is interesting to note that even up to the 4th extract there 
was an appreciable recovery of extractable P particularly in 
some soils like Baldwin, Perry and Sharkey. The rate of de­
crease in extractable P was gradual in these soils while in 
others extractable P fell sharply after the 1st extract. 
This__behavior may possibly be attributed to the organic 
matter and clay content of the soils. The soils with high 
organic matter and clay content showed incomplete extraction 
with a soil:extractant ratio of 1 : 2 0  while the soils with 
less than 1% organic matter and 30% clay show 70 - 90% re­
covery in the 1st extract. Bray No. 2 is a strong extrac­
tant. It could extract tricalcium phosphate and apatites
i
i
Table 31
Effect of Successive Extractions with Bray No. 2 Extractant 
on Extractable Phosphorus of Well-drained and Waterlogged* Soils
ppm-P
Soil No. and Name
1 st
Extract
2 nd
Extract
3rd
Extract
4th
Extract Total
1 Baldwin WD 194.1 102.4 53.2 35.2 384 . 8
WL 346.1 165.3 46.7 2 1 . 0 579.1
2 Calhoun WD 90.0 51.0 28.9 2 0  . 0 189.9
WL 174.8 31.5 13.9 9.7 229 .9
3 Commerce WD 406.3 105. 8 25.7 1 0 . 0 547.9
WL 440. 7 86.7 16. 8 7.3 551.5
4 Crowley #1 WD 27.1 13.6 7.5 5.1 53.2
WL 53.5 8.5 5.1 3.9 71.0
5 Crowley #2 WD 30 .9 18.0 9.6 4 .5 62.9
WL 72.0 8.9 3.4 2 . 2 8 6  .5
6 Cypremort WD 71.9 24. 8 12.7 8 . 2 117.5
WL 104.1 20 .5 7.7 4.8 137.1
7 Hebert WD 188.4 42.9 16.8 8.4 256 .5
WL 233.2 20.9 7.6 4.9 266.5
8 Mhoon WD 470 .4 179.9 80.3 26 . 0 756 .4
WL 617.5 114.8 2 1 . 6 9.2 763.1
9 Midland #1 WD 40.9 15.3 6 . 8 3.1 6 6  . 1
WL 71.5 5.1 1.4 0.9 78.8
1 0 Midland #2 WD 24.1 15.5 8.3 4.7 52.5
WL 52.4 10.7 4.1 2 . 8 70 .0
1 1 Miller WD 420.7 149.0 54.0 23.8 647.5
WL 500 .5 103.7 2 2 . 6 9.6 636 .5
1 2 Olivier (8-0-8) WD 38.7 2 0 . 2 9.1 7.4 75.4
WL 90.2 14.2 6.9 4.6 115 . 8 153
Table 31 (continued)
ppm-P
Soil No. and Name
1 st
Extract
2 nd
Extract
3rd
Extract
4th
Extract Total
13 Olivier (8-0-8+L) WD 18.5 13.4 8 . 1 5.6 45.5
WL 61.8 1 1 . 1 6 . 2 4.0 83.1
14 Olivier (8 - 8 - 8 ) WD 89.4 39.6 18.6 10.3 157.9
WL 150.6 21.3 9.8 6.9 188.5
15 Olivier (8 - 8 - 8 +L) WD 53.9 32.9 16 .5 9.8 113.0
WL 113.1 19.2 9.3 7.6 149.2
16 Olivier WD 70.9 32.9 2 0 . 6  . 13.5 137.9
WL 117.0 26.7 13.7 . 10.3 16 7.7
17 Perry WD 143.6 93.3 46.7 ' 22.3 305.8
WL 263.9 123.9 37.4 16.4 441.5
18 Pulaski WD 1 2 2 . 8 37.8 15.5 7.4 183.5
WL 158.9 14.5 4.0 1.9 179.3
19 Sharkey WD 367. 3 183.6 10 3.1 51 = 2 705 .2
WL 571.0 162.4 41.0 16 . 8 791.2
2 0 Yahola WD 421.4 93.5 17.9 4.2 536 .9
WL 480 .9 87.5 1 2 . 6 3.4 584 .4
WD = Well-drained 
WL = Waterlogged 
* Waterlogged for 75 days.
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500 BALDWIN
Well* Drained 
Waterlogged
400
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2nd 3rd1st 4th
Fig. 2a
500 COMMERCE
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2nd 3rd 4th1st
Extraction
Fig. 2b
Figures 2a-2b. Effect of successive extractions on B.E.P.
Ex
tra
ct
ab
le
 
P-
pp
m
 
Ex
tra
ct
ab
le
 
P 
- 
pp
m
156
500 - CROWLEY#!
Well-Drained
Waterlogged400
300
200
100
3rd 4th1st 2nd
Fig. 2c
500 - PERRY
400
300
200
100
2nd 4th3rd1st
Extraction
Fig. 2d
Figures 2c-2d. Effect of successive extractions on B.E.P.
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because of its low pH. The pH of the root environment is 
approximately 4.2 and therefore, extraction with a solution 
having a pH lower than that of the root environment might 
show an increased amount of extractable P. Ponnamperuma 
(1965) also observed that the soils rich in organic matter 
gave the highest increase of phosphorus in the soil solution 
when waterlogged.
The results of successive extractions with Bray No. 2 
extractant from soils incubated under well-drained condi­
tions for 75 days show that the recovery of extractable 
phosphorus from the first extract of well-drained soils was 
invariably lower than that of waterlogged soils. However 
this tendency was completely reversed from the 2nd to 4th 
extract, when the well-drained soils took a lead over water­
logged soils so far as the extractable phosphorus was con­
cerned. Two soils, namely Baldwin and Perry, exhibited more 
recovery of extractable phosphorus under waterlogged condi­
tion than under well-drained condition in the 2 nd extract 
while in the 3rd and 4th extract, this tendency was again 
reversed as in the case of the remaining 18 soils (Figures 
2 a and 2 d).
It is also interesting to note that the total extract- 
able P of four extractions in well-drained and waterlogged 
soils did not show much difference in those soils where the 
Fe-P fraction was low. But a good deal of difference was 
noted between the totals of four extractions under well- 
drained and waterlogged conditions in those soils having
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relatively higher amounts of Fe-P. This is reasonable to 
expect since due to waterlogging there is a higher recovery 
of iron phosphate.
F. Effect of Submergence on Soil p H f Water Soluble
+2 +2 +3 +3Phosphate, Ca , Fe , Fe , Al Ions and Extractable
Iron in Various Soils
This experiment was designed to determine the effect of
+2 +2 +3submergence on the water soluble phosphate, Ca , Fe , Fe 
+ 3and Al ions and extractable iron. For the purpose of com­
parison the soils were maintained both under well-drained 
and waterlogged conditions for two months at which time the 
water extract was analyzed for the properties mentioned 
above. The data for well-drained and waterlogged samples
are presented in Tables 32 and 33 respectively. It might be
+2seen from the results that under well-drained condition Fe ,
+3 +3Fe and Al ions could not be detected in the water ex-
+ 2tract. Water soluble Ca ranged from a minimum of 20 ppm 
in the Midland and Perry soils to a maximum of 124 ppm in 
the Miller soil under well-drained condition. Water soluble 
P ranged from 0.04 ppm in Olivier (8-0-8) to 3.73 in Yahola 
soil.
In contrast to the well-drained soils both water solu­
ble ferrous and ferric ions could be easily detected in 
measurable amounts in the waterlogged soil. Ferrous iron 
ranged from a minimum of 0.4 ppm in the Yahola soil to a 
maximum of 16.2 ppm in Baldwin. Miller and Yahola soils
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Table 32
Equilibrium Soil Solution Phosphate and Water Soluble
Ca*2 , Fe+2, Fe+ 3  and Al+ 3  Ions 
under Well-drained* Condition
Soil No. and Name pH
Ppm
WS-P + 2WS-Ca
1 Baldwin 4.9 0.28 1 2 0
2 Calhoun 5.4 0 .14 36
3 Commerce 6.4 2 . 1 0 28
4 Crowley #1 6.7
O
o
o
60
5 Crowley #2 4.7 0.05 40
6 Cypremort 5.1 0.15 52
7 Hebert 5.6 3.34 32
8 Mho on 6 . 1 1.75 56
9 Midland #1 5.5 0.08 2 0
1 0 Midland #2 5.3 0.08 2 0
1 1 Miller 7.8 0.58 124
1 2 Olivier (8-0-8) 4.9 0.04 36
13 Olivier (8-0-8+L) 4.9 0.06 32
14 Olivier (8 -8 -8 ) 4.7 0.09 44
15 Olivier (8 - 8 -8 +L) 4.8 0.09 64
16 Olivier 6 . 2 0.06 48
17 Perry 5.6 0 . 1 0 2 0
18 Pulaski 5.3 1 . 2 0 40
19 Sharkey 5.9 0.46 6 8
2 0 Yahola 8 . 2 3.73 28
* Incubated for 60 days.
+2 +3 +3 .Note: No Fe , Fe and Al ions m  the water extract was
detected.
Table 33
Equilibrium Soil Solution Phosphate and Water-soluble
+2 +2 +3 +3Ca , Fe , Fe and A1 Ions under Waterlogged* Condition
Soil No. and Name pH
ppm
WS-P + 2WS-Fe +3WS-Fe + 2WS-Ca + 3WS-Al
1 Baldwin 7.7 2.5 16.2 2 0 . 2 136 1.4
2 Calhoun 7.1 0 . 1 2 . 8 2 . 6 1 0 0 1 . 8
3 Commerce 7.3 4.0 1 . 8 6 . 6 72 1.3
4 Crowley #1 7.0 0 . 0 1.7 3.7 132 1 . 1
5 Crowley #2 7.5 0.3 13.1 17.1 60 2 . 2
6 Cypremort 7.5 0 . 2 3.1 6 . 6 72 1.3
7 Hebert 7.3 3.5 6.3 6.9 90 2.3
8 Mhoon 7.4 3.2 1 0 . 1 9.3 156 2.3
9 Midland #1 7.5 0 . 6 7.4 9.8 56 2.9
1 0 Midland #2 7.3 0 . 0 10.3 9.0 80 0 . 8
1 1 Miller 6 . 8 0.3 0.5 1 . 6 208 2 . 2
1 2 Olivier (8-0-8) 7.2 0 . 2 3.0 6.3 48 1 . 6
13 Olivier (8-0-8+L) 7.2 0 . 1 6 = 3 6.3 64 2.3
14 Olivier (8 - 8 - 8 ) 7.4 0 . 0 13.1 10.9 72 2 . 2
15 Olivier (8 - 8 - 8 +L) 7.3 0 . 2 5.8 8=7 8 8 1 . 1
16 Olivier 7.3 0 . 1 3.3 2 . 0 84 2 . 6
17 Perry 7.7 0 . 1 15.6 2 2 . 1 160 2.3
18 Pulaski 7.5 0 . 8 15.6 0 . 1 80 1.4
19 Sharkey 7.4 0 . 6 11.9 17 = 2 196 2.3
2 0 Yahola 6.4 5.0 0.4 0 . 6 92 1 . 8
* Waterlogged for 60 days.
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showed the lowest amount of ferrous iron in the water ex­
tract. Water soluble ferric iron varied from a minimum of 
0.1 in the Pulaski soil to a maximum of 22.1 ppm in Perry 
clay which was closely followed by Baldwin with 20.2 ppm.
It is interesting to note that Crowley #2 had considerably 
more ferric and ferrous iron in the water extract as com­
pared to Crowley #1. In general ferric iron was more than 
ferrous iron in the water extract except in the cases of 
Calhoun, Commerce, Midland #2, Olivier (8 -8 -8 ), Olivier and 
Pulaski.
The concentration of calcium ion was usually much 
higher in the waterlogged series than under well-drained 
conditions, but the extent of increase varied with individ­
ual soils. The Calhoun, Commerce, Crowley #1, Hebert, Mhoon, 
Midlands, Olivier (8-0-8+L), Perry, Pulaski, Sharkey and 
Yahola had more than twice as much calcium in solution under 
waterlogged conditions as compared to well-drained.
It is, of course, well known that when the soil is
+2 +2waterlogged there is a mobilization of Ca and Mg in neu-
+2tral and alkaline soils. An increase of Fe ion concentra-
+2 +2tion and subsequent displacement of Ca and Mg ions in
the acid soils take place by cation exchange reactions which
result in the increase of specific conductance (Ponnamperuma,
1965) . It may be pointed out here that due to submergence
the soil pH tends to move towards neutrality. Therefore
even in the acid soils the concentration of calcium in-
+2creases when submerged due to the displacement of Ca by
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+ 2 +2possibly Fe and Mn whose concentration increases due to 
flooding.
While no aluminum ion could be detected in well-drained
*4“ 3
condition, the concentration of Al ion in the water ex­
tract varied from a minimum of 0.8 ppm in the Midland #2 to
a maximum of 2.6 in the Olivier soil. On the whole the con-
+ 3centration of Al ions in the water extract was low even 
under flooded conditions.
So far as water soluble phosphorus is concerned it 
ranged from 0.04 ppm in Olivier (8-0-8) to 3.7 ppm in the 
Yahola soil in well-drained series. In the waterlogged 
series water soluble phosphorus ranged from 0.03 to 5.0 ppm.
In general, waterlogging resulted in an.increase of the con­
centration of P over that of the well-drained condition, 
though individual soils varied with regard to this behavior.
Extractable iron was determined from the sodium citrate 
and dithionite extract (used for extracting reductant solu­
ble iron phosphate in the phosphate fractionation study) 
both under air dry and waterlogged condition. The data on 
extractable iron content under air dry and waterlogged con­
dition are presented in Table 34. It might be seen that 
Midland #1 had the lowest amount of extractable iron both in 
the air dry and in the waterlogged series. Maximum extract- 
able iron was obtained from the Miller soil. Extractable 
iron ranged from 894 ppm to 5,916 ppm in air dry condition 
and from 735 ppm to 6,179 ppm in waterlogged condition with 
an average of 2,712 ppm and 2,6 77 ppm respectively. The
3,6 3
Table 34
Effect of Waterlogging on
Extractable Iron in ppm
Soil N o . and Name Air Dry Waterlogged* % of Air Dry
1 Baldwin 2 ,897 2,998 103.5
2 Calhoun 2,0 39 2 ,007 98.4
3 Commerce 1,937 2,159 111.5
4 Crowley # 1 2,772 3,091 111.5
5 Crowley # 2 1,704 1, 544 90.6
6 Cypremort -2 ,791 2,438 87.4
7 Hebert 1,578 1,641 104 .0
8 Mho on 3,211 3, 308 103.0
9 Midland # 1 894 735 82.2
1 0 Midland # 2 2,617 2,681 102.5
1 1 Miller 5,916 6,179 104.5
1 2 Olivier (8 - 0 - 8 ) 2,305 2,179 94.5
13 Olivier (8-0-8+L) 2,302 2,238 97.2
14 Olivier (8 - 8 - 8 ) 2,562 2,467 96 .3
15 Olivier (8 - 8 - 8 +L) 2,748 2, 748 1 0 0 . 0
16 Olivier 3,450 3,324 96 .4
17 Perry 3,671 3,233 8 8 . 1
18 Pulaski 1,671 1,6 71 1 0 0  . 0
19 Sharkey 4,702 4, 304 91.5
2 0 Yahola 2,463 2,589 105.1
Mean 2,712 2 ,677 98.7
* Waterlogged for 60 days.
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results show that the amount of extractable iron was not 
greatly changed due to waterlogging.
G. Correlation Studies
With a view to determine the relationships among vari­
ous physical and chemical properties and inorganic phosphate 
fractions discussed so far simple and multiple correlation 
coefficients were calculated for air dry and waterlogged 
soils separately.
(i) Linear Correlations Among Various Soil Physical and 
Chemical Properties and Inorganic P Fractions 
Linear correlation coefficients for all possible pairs 
both for air dry and waterlogged samples have been presented 
in Tables 35 and 36, respectively.
It can be seen from Table 35 that in the air dry soils, 
pH, total P, Al-P, Ca-P, water soluble and loosely bound P 
and reductant soluble Fe-P were positively and significantly 
correlated with Bray extractable P (B.E.P.). ^he highest 
value of correlation coefficient was obtained between B.E.P. 
and Ca-P followed closely by that between B.E.P. and total 
inorganic P. This shows that with the increase in the Ca-P 
and inorganic P, there was positive increase in extractable 
P. Soil pH was strongly correlated with water soluble and 
loosely bound P, Al-P, Ca-P and inorganic P. All the inor­
ganic fractions of P except the water soluble fraction had 
positive and significant correlation with inorganic P and 
total P. Organic P, inorganic P and clay content showed
Table 35 |
Linear Correlation Coefficients (r) among Various Physical and Chemical Properties and 
Inorganic P Fractions of 20 Selected Louisiana Soils under Air Dry Condition
Y 2 Y 3 Y 4 Y5 Y 6
X;L x 2 x 3 X 4 X5 X 6 X 7
pH Total
P
Inorg.
P
Org.
P
Clay WS&LB-P Al-P Fe-P Ca-P RS
Fe-P
0.
Al-P
0.
Fe-P
Y 1
(B.E.P.) .666**.722**.950** .344 .186
*
.528
** ** 
.893 .426 .954
*
.494 .486* .441
Y 2
(pH) .275 .528* -.012 .043
** ** ** 
.574 .563 -.074 .663 .062 .194 .096
Y 3 (Total P)
* * * * * 
.844 . 8 8 6  .528 .044
** ** ** 
.714 .791 .718
*
.523
** ** 
. 8 8 8  .793
Y4 (Inorg.P) .498* .326 .344
** ** * * 
.843 .659 .926
**
.671
** ** 
.650 .583
Y5 (Org.P)
** 
.572 - .227 .425 .708**.359 .264
** ** 
.873 .777
Y 6
(Clay) .189 .148 .459* .229 .337
* * * 
.679 .475
X 1
(WS&LB-P) .470* -.194 .394 -.007 - .050 -.007
x2 (Al-P)
* * * 
.507 .750 .430 .536* .535*
X 3 (Fe-P) .370
**
.70 8
** ** 
.773 .689
X4 (Ca-P) .442 .472* .393
X5 (RS Fe-P) .481* ,494*
V (0.Al-P)
**
.793
* Significant at 5%.
** Significant at 1%.
B.E.P. = Bray extractable phosphorus.
WS&LB-P = Water soluble and loosely bound P.
1
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Table 36
Linear Correlation Coefficients (r) among Various Physical and Chemical Properties and 
Inorganic P Fractions of 20 Selected Louisiana Soils under Waterlogged Condition
Y 2 Y3 Y4 
Diff.in
X 1 X 2 X3 X4 X5 X 6 X ?
Total Clay B.E.P. WS&LB-P Al-P Fe-P Ca-P RS 0 . 0 .
P % WL-AD Fe-P Al-P Fe-P
Y 1
(B.E.P.)
**
.897 .544* .265 . 2 2 2 .302
**
.734
**
.823 .380
**
.642
**
.707
Y 2
(Total P) .265 .365 .257 .405 .383
**
.948 .363 .399
*
.528
Y 3 (Clay %) -.213 -.283 -.229
**
.669 .239 - . 1 2 2
**
.848
**
.790
(Diff. in .414
**
.981 .154 .154 . 0 1 2 -.086. .055
ft B.E.P. WL-AD) *
xi (WS&LB-P) .498 -.136 .319 .175 -.181 -.087
X 2
(Al-P) .155 .176 .098 -.069 .066
X3 (Fe-P) .270 .262
**
.735 .695
X4 (Ca-p) .329 .351 .460
X5 (RS Fe-P) .175 . 2 1 0
X 6
(0.Al—P)
**
.933
* Significant at 5%.
** Significant at 1%.
WL-AD = Waterlogged-Air Dry-
167
significant and positive correlation with total phosphorus. 
Organic P was related to clay content and Fe-P. Iron phos­
phate and the occluded Al-P and occluded Fe-P were positive­
ly correlated with the clay content. Negative correlation 
coefficients between water soluble and organic P and between 
water soluble and Fe-P were noted, though they did not reach 
the level of significance. It may be emphasized here that 
simple correlation coefficients assume a linear relation be­
tween any two variables. This would not help us in deciding 
whether the relationship between the two variables was of 
cause and effect.
Linear correlation coefficients between pairs of char­
acters presented in Table 36 show that in the waterlogged 
soils Bray extractable P increased with the increase of 
total P, clay content, Fe-P and Ca-P. Under air dry condi­
tion (Table 35) B.E.P. did not show positive significant 
correlation with clay content and Fe-P while under water­
logged condition a significant correlation was obtained.
This suggests that due to waterlogging the iron oxide coat­
ing of the clay particles was depleted and reductant soluble 
Fe-P which was extracted as Fe-P with 0.1 N NaOH increased 
resulting in corresponding increase of extractable phosphorus. 
Hence the Fe-P fraction demonstrated positive significant 
correlation with Bray extractable P. Another evidence of 
the decrease of reductant soluble Fe-P was provided by the 
fact that while there occurred a significant and positive r 
value between B.E.P. and reductant soluble Fe-P under air
16 8
dry condition, under flooded condition the corresponding r 
value did not reach the level of significance. In contrast 
to the air dry soils, the Al-P fraction did not show signif­
icant correlation with B.E.P. due to waterlogging. Signifi­
cant and positive correlations were obtained between total F  
and Ca-P and between clay content and Fe-P. The Al-P frac­
tion was highly correlated with the difference in extract- 
able P between waterlogged and air dry soils. Clay content 
was negatively correlated with water soluble and loosely 
bound P, Al-P and the reductant soluble Fe-P though none of 
the r values reached the level of significance. It was, 
however, observed that with the increase in clay content, 
the reductant soluble Fe-P fraction decreased under reducing 
conditions due to waterlogging. The occluded forms of P 
increased with the increase in clay content of the soil ir­
respective of the soil-water conditions. The positive 
simple correlations between occluded forms of P and extract- 
able P does not necessarily mean that the former contribute 
to the latter. On the contrary the reverse is true as evi­
denced from the multiple regression equations discussed 
under Section G {ii).
Simple linear correlation and regression equations for 
the air dry soils were worked out and presented as follows, 
(where Y = Bray extractable P as the dependent variable and 
all the 7 different inorganic P fractions as the independent 
variables).
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X Variables Simple Linear Regression Equations
X 1 = WS&LB-P Y = 101.460 + 3.344X1     _ _ _ _  (1 )
R2 = .2789 
F = 6.96*
X 2 = Al-P Y = -13.975 + 4. 389X2   (2)
R 2 = .79 8
X 3 = Fe-P Y = 48.658 + 0.9415X3    ------ _ _ _  (3 )
R2 = .182 
F = 3.993
X 4 = Ca-P Y = 39.324 + 0.9045X4 - ---  - -    - -  (4)
R2 = .911 
F = 184.1568**
X 5 = RS Fe-P Y = -2.568 + 2.049X5 - - -    - - - - (5)
R2 = .244 
F = 5.808*
Xg = 0.Al-P Y = 32.415 + 32.189X6 - - - -    - - (6 )
R2 = .236 
F = 5.562*
X? = O.Fe-P Y — 6.322 + 28.247X? - - -    - - - - (7)
R2 = .194 
F = 4.342
* Significant at 5%.
** Significant at 1%.
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From the above correlation and regression equations it
2
can be seen that the values of R for Al-P and Ca-P frac­
tions in equations (2) and (4) respectively are of higher 
magnitude among all the seven equations. This shows that 
the Ca-P and Al-P contribute maximum to the Bray extractable 
P under air dry condition. This is expected since the ex­
tractant used was selective for the Al-P and Ca-P fractions. 
This is further supported by the fact that the simple corre­
lation coefficients between Bray extractable P and Al-P and 
between B.E.P. and Ca-P were .89 3 and .9 54 respectively as 
seen from Table 35.
Linear regression equations for the waterlogged soils 
were, therefore, worked out for only those inorganic P frac­
tions which had very high significant r values with B.E.P.
Simple Linear Correlation 
X Variables and Regression Equations
X 3 = Fe-P Y = 71. 355 + 0343X3    ------------- {8 )
R 2 = .538
* *
F = 20.982
X 4 = Ca-P Y = 104.155 + 0.911X4     (9)
R 2 = .677
* *
F = 37.668
* Significant at 5%.
** Significant at 1%.
From the above two equations it can be seen that the F 
values were significant at 1% level. The Fe-P and Ca-P
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forms were, therefore, the most important fractions of inor­
ganic P contributing to the extractable phosphorus under 
waterlogged condition.
(ii) Relationship between Native Inorganic Phosphate
Fractions and Extractable Phosphorus under Various 
Soi1-Water Conditions 
The inorganic P forms are generally more related to the 
plant availability. The variations in the extractable P 
among various soils and in different soil-water conditions 
may be due to the forms of P present in the soil. The rela­
tionship between the amounts of each form of P and the ex­
tractable P in flooded and air dry conditions was, therefore, 
investigated by conducting multiple correlation and regres­
sion analyses. The following equations were developed by 
progressively dropping the factors whose F value for the re­
gression coefficient was the lowest in the preceeding 
equation.
(a) Multiple correlation and regression equations for air 
dry samples (where Y = B.E.P. and to = all the 
seven inorganic P fractions as given in Table 35).
Y = -3.0685 + 0.768X1 + 1.73X2 + 0.053X3 + 0.589X4
+ 0.318XC - 1.72XC - 1.6X- 5 6 7
R2 = .9967
(10)
F values in the same order as X variables
* * * * * *
27.548 116.039 0. 396 515.978
**
8 . 769 0.577 0. 75
* Significant at 5% level.
** Significant at 1% level.
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(b) When X^ was dropped
Y = -4.128 + 0.73X-L + 1.77X2 + 0.585X4 + 0„360X5
- 0.996X, - 1. 58X-    ----     (11)
D  /
R2 = 03966
F values in the same order as X variables
* * * * * * * *
31.429 149.712 572.335 18.875
0.273 0.773
(c) When Xg and Xg were dropped
Y = -3.867 + 0.747XX + 1.76X2 + 0.58X4 + 0358X5
- 2.196X?  ----     (12)
R2 = 0.9965
F values:
* * * * * * * *
36.983 158.730 624.191 19.742
2.721
(d) When X X g  and X^ were dropped
Y = -8.110 + 0.803X-L + 1.661X2 + 0.585X4
+ 0.319XC                   (13)o
R2 = 0.9958
F values:
41.367** 155.82 8 ** 566.200** 15.404**
(e) When X X , . ,  Xg and X^ were dropped
Y = 6.495 + 0.664X1 + 1.789X2 + 0.606X4 -------  - (14)
R2 = 0.9916
F values:
★ * * * ic it
16.196 101.127 338.323
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(f) When X^, X^/ X,-f Xg and X^ were dropped
Y = 3 .-6-4 2 + 1.994X2 + 0j616X4 ----------------------- (15)
R2 = 0.911
F values in the same order as X variables
* * * *
72.269 185.222
(g) When X^, X2 , X^# Xg, Xg and X^ were dropped
Y = 39.324 + 0.905X4------   (16)
R 2 = 0.911
F value:
* *
184.157
2In the above regression equations (10) to (16) the R 
values, when different X variables were dropped, decreased 
from .998 to .911. In all the cases the coefficients of X^, 
X 2 and X 4 were highly significant. The equation (16) sug­
gests that the X 4 factor or the Ca-P fraction contributed 
most to the Bray extractable P followed by X 2 and X^, i.e., 
the Al-P and water soluble and loosely bound P fractions, 
respectively. For this reason equation (14) was chosen to 
calculate the estimated value of extractable P under air dry
condition. Another reason to choose this equation (14) for
2the estimation of extractable P was that the value of R 
dropped sharply from .9916 in equation (14) to .911 in the 
equation (15) and, therefore, equation (14) could best de­
scribe the relationship between Bray extractable P and the 
various inorganic P fractions.
The observed and estimated Bray extractable P,
calculated with the help of equation (14), in ppm are given 
in Table 37 and Figure 3.
It might be seen from Table 37 that the observed and 
estimated Bray extractable P, worked out with the help of 
equation (14) were in close proximity with each other» With 
the given equation the amount of extractable P can be pre­
dicted fairly accurately if these three inorganic P frac­
tions viz. the water soluble and loosely bound P, Al-P and 
Ca-P are known. The factors X^, Xg and X^ were dropped in 
succession indicating thereby that the Fe-Pf occluded Al-P 
and the occluded Fe-P did not influence the extractable P to
any measurable extent. This was further evidenced from the
2
fact that the R value remained more or less unchanged 
before (.996 7) and after (.995 8 ) dropping these variables.
Multiple correlation and regression equations were com­
puted between all the seven inorganic P fractions as inde­
pendent variables and extractable P as the dependent vari­
able under waterlogged condition. The equations developed 
by progressive elimination of factor or factors contributing 
least to the extractable P are given below in order of their 
significance.
(a) Multiple correlation and regression equations for
A
waterlogged samples (where Y = B.E.P. and X^ to X^ = 
inorganic P fractions as given in Table 36).
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Table 37
Observed and Estimated Bray Extractable P 
under Air Dry Condition in ppm
Bray Extractable P in ppm
Soil No. and Name -------------------------------
Estimated Observed
1 Baldwin 155.1 140.2
2 Calhoun 70.6 61.2
3 Commerce 278.4 284.4
4 Crowley # 1  - 27.1 20 .4
5 Crowley # 2 20.5 2 0 . 6
6 Cypremort 57.6 46.2
7 Hebert 138.8 161.5
8 Mho on 317. 8 326.9
9 Midland # 1 26.6 28.1
1 0 Midland # 2 13.9 18.1
1 1 Miller 368. 3 347.1
1 2 Olivier (8 -0 - 8 ) 26 .5 30 .3
13 Olivier (8-0-8+L) 2 2 . 1 17.7
14 Olivier (8 - 8 - 8 ) 70 .1 75.9
15 Olivier (8 - 8 - 8 +L) 52 .0 50.5
16 Olivier 46 .9 40.5
17 Perry 66.3 8 6 . 2
18 Pulaski 101.5 90.8
19 Sharkey 261.7 275.5
2 0 Yahola 358.3 358.7
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y = 6.495 + .664XJL + 1.789X2 + 0.606X4
where y = Bray extractable P
Xj= Water soluble and loosely bound P
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R = .9916
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Figure 3. Relationship between observed and estimated 
Bray extractable P under air dry condition.
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0.424 + 0.984X1 + 0.41X2 + 0.66X3 + 0.688X4
+ 0.073X5 + 2.62Xg + 3.43X? ----   - - (17)
.972
F values in the same order as X variables 
0.881 1.74 43.41** 102.04**
0.041 0.031 0.052
(b) When Xg was dropped
Y - 2.141 + 0.992X1 + 0.389X2 + 0.667X3 + 0.686X4
+ 0.069XC + 5.77X_  ----       (18)D /
R2 = .9723
F values:
0.9697 1.994 57.945** 112.413**
0.040 0.688
(c) When Xg and Xg were dropped
Y = 4.437 + l.OlOXj^ + 0. 386X2 + 0 .67X3 + 0.689X4
+ 5.6 8 8 X ? ------      (19)
R 2 = .972
F values:
1.118 2.113 65.82** 127.72**
0.72
(d) When Xg, Xg and X^ were dropped
Y = 13.06 + 0528X1 + 0.374X2 + 0.715X3 + 0.7llX4 - - (20) 
R2 = .971
F values:
0.956 2.034 128.32** 167.46**
* Significant at 5% level.
** Significant at 1% level.
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(e) When X^, Xg, Xg and X^ were dropped
Y = 10.598 + 0.508X2 + 0.694X3 + 0.730X4 ----- -- - - (21)
R 2  = .9689
F values in the same order as X variables
4r 4c Vt 4k 4c
5.144 137.06 202.72
(f) When X^,  X2 ,  X^,  Xg and X^ were dropped
Y =  3 0 . 9 0  +  0 . 7 1 X 3 + 0 . 7 4 6 X 4 - - -------------- -  -  ( 2 2 )
R 2  =  . 9 5 9
F values:
4k 4c 4k 4k
1 1 6 . 6 2 5  1 7 3 . 8 2 5
(g) When X^,  X2 , X 3 , X g ,  Xg and X^ were dropped
Y =  1 0 4 . 1 6  +  0 . 9I X 4 ----------------------------------------------------------- -  “  ( 2 3 )
R 2  =  . 6 7 7
F value :
* *
3 7 . 6 6 8
2
In the above regression equations (17) to (23) the R
values, when different X variables were dropped, decreased
from .972 to .677. In all the equations the coefficients of
X^ and X^ were highly significant. The equation (23) sug-
gests that X^ variable or the Ca-P fraction contributed most
to the extractable P under waterlogged condition as in the
2
case of air dry soils. But the value of R in equation (23) 
is only . 6  77 as compared to .911 in equation (14). Next to 
the Ca-P fraction, the Fe-P and Al-P fractions contributed 
most to the extractable phosphorus in the flooded soils.
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This is evidenced from the sharp fall of the R value from 
.9689 in equation (21) to .959 in equation (22) . For this 
reason equation (2 1 ) was chosen to calculate the estimated 
values of extractable P. It may be pointed out here that in 
the air dry condition the variable, i.e., the Fe-P frac­
tion was dropped from the very beginning [equation (1 1 )] 
indicating thereby that the Fe-P fraction did not contribute 
at all to the extractable P in air dry soil while Fe-P was 
the second important fraction next only to the Ca-P which 
influenced the extractable P under waterlogged condition.
In both the soil-water conditions, the Ca-P and Al-P appear­
ed to be very important so far as the Bray extractable P was 
concerned.
The observed and estimated Bray extractable P in ppm 
are presented in Table 38 and Figure 4.
The data in Table 38 show that the observed and the 
estimated extractable P values were fairly close except in 
the case of Calhoun soil where the difference between the 
two values was large. This was possibly due to large pro­
portion of Fe-P form among various inorganic P fractions in 
this soil. It may, however, be emphasized here that the 
Fe-P fraction which contributed least to the extractable P 
in the air dry soil was one of the most dominant and signif­
icant fraction influencing the extractable P in the flooded 
soil. Therefore the extractable P can be fairly accurately 
predicted if the quantities of the Al-P, Fe-P and the Ca-P 
fractions are known.
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Table 38
Observed and Estimated Bray Extractable P 
under Waterlogged Condition in ppm
Soil No. and Name
Bray Extractable P in ppm
Estimated Observed
1 Baldwin
2 Calhoun
3 Commerce
4 Crowley #1
5 Crowley #2
6 Cypremort
7 Hebert
8 Mhoon
9 Midland #1
10 Midland #2
11 Miller
12 Olivier (8-0-8)
13 Olivier (8-0-8+L)
14 Olivier (8 - 8 - 8 )
15 Olivier (8 - 8 - 8 +L)
16 Olivier
17 Perry
18 Pulaski
19 Sharkey
20 Yahola
361.1 
215.8.
329.2
54.4
56.4
82.3 
170 . 6  
453.5
52 . 6  
45.0
375.0
67.4
53.5 
120.4
104.3
113.7 
209. 8
106.8 
492.8
321.1
339 . 6
139.1 
298. 7
37.5
59.4 
80.9
201.4 
452.3
59.0
48.8
386.5
76.9
42.4
138.2
95.5 
95.7
260. 3
127.1 
511.8
334.2
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Figure 4. Relationship between observed and estimated
Bray extractable P under waterlogged condition.
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In contrast to the high r values between B.E.P. and oc­
cluded forms of P in Table 36, these X variables were drop­
ped from the multiple regression equations from the
2beginning without reducing the R values which were .9 72 and 
.9 71 respectively before and after the drop of these inde­
pendent variables (occluded forms of P). It was for this 
reason that no serious attempt was made to correlate the oc­
cluded forms of P with the B.E.P. while discussing the 
linear correlation coefficients between the extractable P 
and the occluded Al-P and occluded Pe-P. To substantiate 
this argument, multiple correlation and regression equations 
were computed eliminating the occluded forms of P from the 
list of X variables and the equations developed are given 
below.
(a) Multiple correlation and regression equations for
waterlogged soils (where Y = B.E.P. and X^ to X,. vari­
ables are inorganic P fractions as given in Table 36, 
excluding occluded Al-P and occluded Fe-P).
Y = 11.44 + 0.907X1 + 0.377X2 + 0.713X3 + 0.709X4
+ 0.051X5          (24)
R2 = 0.9 71
F values in the same order as X variables 
0.837 1.919 113.284** 148.75**
0.023
* Significant at 5% level.
** Significant at 1% level.
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(b) When X^ was dropped
Y = 13.06 + 0^28X1 + 0.374X2 + 0.715X3 + 0.711X4 ---- (25)
R 2 = .971
F values in the same order as X variables 
0.956 2.034 128.32** 167.46**
(c) When X^ and X,. were dropped
Y = 10.598 + 0.508X- + 0.694X- + 0.730X,----  (26)
R2 = .96 89
F values:
 ^  ^^ •$( $( 
5.144 137.06 202.72
(d) When X^, X 2  and X^ were dropped
Y = 30.90 + 0.7 IX 3 + 0.746X4 :----------------   (27)
„2 = .9588
F values:
116.626** 173.826**
(e) When X^, X 2 , X 3 and X^ were dropped
Y = 104.155 + 0.911X4   (28)
R 2  = .6767
F value:
**
37.668
2
The R values from the equations (24) to (28) when com­
pared with those of equations (17) to (23) show that they 
are very similar. These results indicate that occluded 
forms of P do not contribute to the extractable P either in
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the air dry or in the waterlogged conditions.
Summarizing the above discussion, it may be stated that 
in air dry soils Ca-P, Al-P and the water soluble and loose­
ly bound P and in the waterlogged soils the Al-P, Ca-P and 
the Fe-P fractions of the inorganic P contribute most to the 
Bray extractable phosphorus.
SUMMARY AND CONCLUSIONS
A study was made of twenty selected Louisiana soils to 
determine (1 ) the forms of native soil phosphates and their 
distribution, (2 ) the effects of flooding on the transforma­
tion of native and added phosphates with and without other 
soil amendments and plant nutrients and (3) the effect of 
waterlogging on the solubility and availability of native 
and added phosphates as related to their various inorganic 
phosphate fractions.
In the method for inorganic phosphate fractionation of 
Chang and Jackson (1957a) correction has to be made for ac­
curate distinction between Al-P (soluble in 0.5 N NH^F) and 
Fe-P (soluble in 0.1 N NaOH but partly also in NH^F), the 
magnitude of correction factor depending upon the nature of 
the individual soil and the level of phosphate.
Total, inorganic and organic phosphorus in the soils 
investigated ranged between 281 to 1,295 ppm, between 60 to 
649 ppm, and between 96 to 932 ppm, respectively. Soil or­
ganic matter and organic P appeared to be closely related.
The soil inorganic phosphate was fractionated into 
seven discrete chemical forms viz. (1 ) water soluble and 
loosely bound P, (2) Al-P, (3) Fe-P, (4) Ca-P, (5) reductant 
soluble Fe-P, (6 ) occluded Al-P and (7) occluded Fe-P. The
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iron phosphate was the most dominant fraction followed by 
Ca-P and Al-P in the decreasing order of magnitude. The 
water soluble and loosely bound P and occluded Al-P and oc­
cluded Fe-P constituted a small fraction of the total inor­
ganic P. The 0.1 N NaOH soluble and reductant soluble 
iron phosphate ranged between 5.6% and 4 7.1% and between 
9.7% and 51.4% respectively of the total inorganic phos­
phorus .
Water soluble and loosely bound P was comparatively 
high in relatively unweathered soils like Yahola and Miller 
followed by Hebert, Commerce and Mhoon in that order. The 
soil series belonging to the Coastal Prairies and Mississip­
pi Terrace viz. Crowley, Midland, Olivier and Calhoun were 
low in total inorganic P and consequently low in the Al-P,
Fe-P and Ca-P fractions but these acid, moderately weathered 
soils contained high amounts of reductant soluble iron phos­
phate which constituted from 25.1 to 51.4% of the total in­
organic P fraction.
As a result of waterlogging there were significant 
transformations of native inorganic P fractions resulting in 
general increases of the Fe-P and Al-P fractions and de­
creases of the reductant soluble Fe-P and water soluble and 
loosely bound P. The Ca-P, occluded Al-P and occluded Fe-P 
fractions did not change much due to flooding. However in­
dividual soils varied with regard to the transformations of 
native inorganic P fractions due to submergence because of 
organic matter content, soil pH and other related soil
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properties„
Liming reduced all fractions of native and added inor­
ganic P except the Ca-P fraction apparently because of the 
increased availability and better utilization of phosphate 
by crops from the limed plots.
Profile distribution of inorganic P fractions in a 
Crowley silt loam soil showed that total inorganic P, water 
soluble and loosely bound P, Al-P and Fe-P decreased with 
the depth from the surface layer to 24"-30" layer of the B 
horizon. The Ca-P and reductant soluble Fe-P progressively 
decreased up to 24" depth and increased again in the 24"-30" 
layer of the B horizon. Reductant soluble Fe-P constituted 
the dominant fraction in all the layers of A and B horizons.
As a result of waterlogging the Fe-P and Ca-P increased and 
the reductant soluble Fe-P and Al-P decreased in various 
layers. Except for the surface 0-3" layer, total inorganic 
P decreased with increasing depth under flooded condition.
The added AlPO^ and Ca(H2 PO ^ ) 2 compounds were converted 
to Al-P and Fe-P while the added FePO^ mostly contributed to 
iron bound phosphate under well-drained condition. In 
waterlogged soils, however, added FePO^ was transformed to 
Al-P fraction. The monocalcium phosphate contributed most 
to the water soluble and loosely bound P fraction in both 
well-drained and waterlogged soils. The effectiveness of 
different phosphate sources in their transformation to Al-P 
form may be ranked as AlPO^ > Ca(H2 POij) 2 > FePO^ in the 
well-drained condition and AlPO^ > FePO^ > Ca(H 2 PO ^ ) 2 in the
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waterlogged condition. The added phosphate compounds did 
not contribute to the Ca-P and nonextractable P fractions.
The experiment designed to study the effect of soil pH 
on the transformation of added P under waterlogged condition 
showed that the water soluble and loosely bound P increased 
outside the pH range of 4.9 and 9.0. The AlPO^ treated sam­
ples showed a decrease in the Al-P fraction and an increase 
in the Fe-P and Ca-P fractions in general with increase in 
pH. The Al-P and Ca-P fractions increased up to pH 8 and 
the Fe-P fraction increased up to pH 6.9 in the case of 
FePO^ treated samples only, beyond which this tendency was 
reversed.
Flooding increased the Bray extractable phosphorus 
{B.E.P.) on the 30th, 55th and 75th day but the rate of in­
crease was the lowest on the 55th day among the three dates. 
Waterlogging for 55 days, however, increased the extractable 
P by 52.6% over air dry samples on an average.
Addition of NO^-N at 1,000 ppm resulted in a signifi­
cant decrease in extractable P from 0 to 52.4% under flooded 
condition. The efficiency of added phosphate compounds in 
increasing the extractable P under well-drained and water­
logged conditions ranked as C a t ^ P O ^ ^  > AlPO^ > FePO^ in 
the Bray No. 2 extractant.
Amount of extractable P decreased with increasing num­
ber of successive extraction under well-drained and water­
logged conditions. The recovery of extractable phosphorus 
from the first extract was invariably lower in well-drained
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soils than that of waterlogged soils. This tendency was 
completely reversed from the 2nd to the 4th extract in soils 
with low organic matter and clay content. The total ex­
tractable P from four extractions in the well-drained and 
waterlogged soils did not show much difference in those 
soils where Fe-P fraction was low. This difference widened 
with soils containing appreciable amounts of Fe-P.
Due to waterlogging, soil pH moved towards neutrality 
and water soluble Ca , Fe , Fe and A1 ions increased 
over that of well-drained series, the last three ions being 
absent in the water extract of the nonflooded samples. In 
general waterlogging resulted in an increase of water solu­
ble P over that of well-drained condition. Extractable iron 
did not greatly change due to flooding.
In the air dry samples the soil pH, total P, Al-P, Ca-P,
I
water soluble and loosely bound P and reductant soluble Fe-P 
had positive and significant correlation with Bray extract- 
able P. The soil pH was strongly correlated with the water 
soluble and loosely bound P, Al-P, Ca-P and inorganic P.
All the inorganic fractions of P except the water soluble 
fraction had positive and significant correlation with the 
inorganic P and the total P. Organic P was related to the 
clay content and Fe-P. The Ee-P and occluded forms of P 
were positively correlated with the clay content.
In the waterlogged soils Bray extractable P increased 
with the increase of total P, clay content, Fe-P and Ca-P„
In contrast to the air dry samples the Fe-P was one of the
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dominating fractions of P which was strongly correlated with 
the B.E.P. under waterlogged condition. While there oc­
curred a significant positive r value between B.E.P. and re­
ductant soluble Fe-P in the air dry sample, the correspond­
ing r value did not reach the level of significance under 
flooded condition. Significant and positive correlations 
were obtained between total P and Ca-P and between clay con­
tent and Fe-P. The Al-P fraction was highly correlated with 
the difference in extractable P between waterlogged and air 
dry samples.
The following simple linear regression equations de­
scribed best the relationship between the extractable P and 
inorganic P fractions under air dry and waterlogged condi­
tions (where Y = B.E.P. and X 2 , and X 4 are Al-P, Fe-P and 
Ca-P, respectively).
For air dry soils:
Y = -13.975 + 4.389X2
Y = 39.324 + 0.9045X4 
For waterlogged soils:
Y = 71.355 + 0.943X3
Y = 104.155 + 0.911X4
The relationships between the amount of each form of P 
and the extractable P in the flooded and air dry conditions 
were investigated by conducting multiple correlation and re­
gression analyses. The following equations described best 
the relationship between the X and Y variables (where Y = 
B.E.P. and X^, X2 , X^, and X 4 are WS&LB-P, Al-P, Fe-P and
Ca^-P, respectively).
For air dry soil;
Y = 6.495 + 0.664X1 + 1.789X2 + 0.606X4 
For waterlogged soil;
Y = 10.598 + 0.50 8X 2 + 0.694X3 + 0.730X4
From these equations it may be concluded that in the 
air dry samples the Ca-P, Al-P and water soluble and loosely 
bound P contribute most to the Bray extractable P while in 
the waterlogged soils the Ca-P, Fe-P and Al-P fractions of 
the inorganic P contribute most to the Bray extractable P. 
Reductant soluble iron phosphate is of great economic sig­
nificance in the phosphate fertility of waterlogged soils.
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